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ABSTRACT
The objects of the present work were, firstly, to investigate the
34-effect of substituents on the stability of ion pairs of the La -ion with 
some phenolate anions, and, secondly, to test the applicability of the 
spectrophotometric method in determining the association constants of such 
ion pairs. The first objective requires a knowledge of the dissociation 
constants of the phenols and the association constants of the respective 
lanthanum ion pairs.
Most of the thermodynamic dissociation constants of the weak acids 
used in the present work have been determined with high accuracy• However, 
as there was some uncertainty regarding the reliability of the published 
data for 3“ and 5-nitro salicylaldehyde, the thermodynamic dissociation 
constants of these acids have been redetermined, using a modified form 
of the spectrophotometric method of Ernst and Menashi.
Experimental evidence for ion association in the lanthanum phenolate 
solutions was obtained by comparing the absorption curves recorded for 
two series of solutions, one of which contains the phenol only and the 
other,both lanthanum and the phenol. For the purpose of determining the 
association constants of the ion pairs studied in the present work, one 
new optimization and three new iteration procedures based solely on 
spectrophotometric measurements, were developed. By these means, the 
association constants of six lanthanum salicylate, three lanthanum/ 
salicylaldehyde and four lanthanum benzoate ion pairs have been determined.
It has been found that a rough linear correlation exists between 
the stability of the metal complexes and that of the corresponding proton 
complexes? the results for the lanthanum salicylates and benzoates falling 
on one straight line and the results for lanthanum/salicylaldehyde ion pairs
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falling on another. The plots of the logarithm of the association constants
for these ion pairs, against the reciprocal of the Bjerrum distance of
closest approach have been found to give very good straight lines, one
for the lanthanum salicylates and benzoates and another for the lanthanum/
salicylaldehyde ion pairs.
It has been shown that the lanthanum salicylates involve only the
carboxylate group of the anion and that, ion-dipole interaction between 
3+the La -ion and the -OH group is negligible. However, on the other hand,
3+ion-dipole interaction between the La -ion and the aldehyde group plays' 
some part in the stabilization of the La^+-/salicylaldehyde ion pairs.
-4-
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A base may be defined quite generally as a nucleophilic species.
It seems reasonable, therefore, to expect that the bases which have the 
strongest affinity for hydrogen ions, would also form the most stable 
complexes with a given metal ion. Since,stability constants are really 
measures of the standard free energy changes, it is not unreasonable to 
assume that some correlation should exist between the stability of a metal 
complex and that of the corresponding proton complex. Some workers [1,2,3*1 
even suggested that a linear relationship should exist between the 
logarithm of the stability constants of the complexes (log If) which a 
series of closely related ligands form with a metal ion and the negative -
logarithm of the acid dissociation constants (pK ) of these ligands. Thea
general form of this correlation
log K = apK +b, ...(l.1)a
in which a and b are constants, was first used by Bjerrum [3] and by
Martell and Calvin [2].
Empirical relationships of this kind have been found to hold by
many workers [l - 12] . For example, Van TJitert, Fernelius and Douglas
[ 7 ] have shown that the logarithm of the stability constants of co-ordination 
2 +  2-b 24-
compounds of Cu , Ni , and Da with structurally similarySdiketones was
essentially a linear function of pK . Irving and Sossotti [9] alsoa
obtained good linear correlation plots for divalent metal ions with
substituted oxines. These studies were extended by Irving and Da Silva
[ 10] to the complexes formed by a number of divalent metal ions with
substituted imido-diacetates. They found that in every case the plot of
log K vs pK was approximately linear, a
For an adequate discussion of such correlation plots, it is clear 
that data of sufficiently high precision must be used. Unfortunately many
workers do not appreciate the importance of this fact and employ data of 
low precision and find good correlations where they do not exist and vice- 
versa. For example, Larsson[ll] in 1934 found a linear correlation 
exists for the complexes which a series of amines form with the silver 
ion. Bruehlman and Verhoek [ 5 ] also found that for the silver amine 
complexes, the plot of log vs pl^ gave two straight lines. One line
was obtained for the secondary amines and the other for the primary aliphatic 
amines and the pyridines. On the other hand, both Britten and Williams 
[lj] and Vosberg and Cogswell [14]* who also investigated the silver amines^ 
found no such correlation*
It was Irving and Rossotti [15] who first proposed such linear 
relationships oh the basis of the thermodynamic consideration for complexes 
of the type ML. Lebermann and Rabin [ 16] have extended the thermodynamic 
treatment to complexes of the type ML^. Jones and co-workers [12] suggested 
that linear correlations of this type are not generally valid and that 
even cases in which they appear to be obeyed are fortuitous. However, 
this view appears to haye been disproved by the extensive measurements of 
Perrin [ 17 ] on the complexes of the ferrous and ferric ions with amino 
acids and by Datta, Lebermann and Rabin [ 18,19] investigating the amino 
acid complexes of the cupric ion. These workers were able to show that, 
indeed, in the above cases a good linear correlation exists between the 
stability of the metal complex and that of the corresponding proton complex.
A linear correlation plot of this type, with a correlation coefficient 
[20] as high as 0.998, was obtained by Ernst and Menashi [ 21 ] for a series 
of ferric salicylates. Similar results were obtained by Ernst and Herring 
[22] who investigated the effect of substituents on the stability of the 
complexes of the ferric ion with fifteen phenols. They found that the
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correlation plot was a reasonable straight line with a slope of 0.8*
The correlation coefficient [20] of the plot was 0.85. The formation of 
the ferric phenolates may be represented by equation (1.2).
Pe3+ + HL FeL2+ + H+, ...(1.2)
where HL is the phenol. By considering the free energy change for this 
reaction Ernst and Herring found
log K = pK& - [ (^°FeL2+ ~ M0^ )  + ( n V  ” Mpe3+)]/ 2.305 HT, ...(l.3) 
where ji° with the appropriate subscript represents the standard chemical 
potential.
Equation (l.3) predicts that a plot of log K vs pK should yield aa
straight line if, for a series of closely related ligands, the term 
((-L°pej2-f- ~ H°HL) is either a constant or a linear function of pICn. The 
slope of this line will be unity in the first case but different from 
unity in the second. Hence, if the linear relationship holds for a given 
series of ligands, three cases may be distinguished,
1. Slope = lj substitution affects the stability of the metal 
complex to the same extent as that of the corresponding proton complexes.
2. Slope > 1; substitution affects the stability of the metal 
complexes to a lesser extent than that of the corresponding proton complexes.
3. Slope < I5 substitution affects the stability of the metal 
complexes to a greater extent than that of the corresponding proton complexes.
Since,in this case, just as in the case of the ferric salicylates? 
the slope was found to be less than one, these workers concluded that on 
the average, substitution affects tne stability of the ferric phenolate 
complexes to a smaller extent than that of the corresponding proton complexes*
It has been suggested that, in general, the magnitude of the slope 
of such correlation plots depends on a number of factors such as the
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ionization potential of the metal ion [8], nuclear repulsion between the 
metal ion and donor atoms [ 24-3, polarisation of the ligands by the metal 
ion [l2], tendency of the metal to formTf-bonds [12] and ligand field 
stabilizations [253. In most cases the slopes are different from unity, 
but are closer to unity for aliphatic’ than for aromatic ligands [ 12,25 3 . 
Jones, Poole, Tompkinson and Williams [l2] attempted to explain the 
deviations from unit slope solely in terms of ^-bonding effects. They 
concluded that with ligands whoseTT-orbitals can interact with suitable 
orbitals of the metal ion, slopes greater than unity should result if the 
central ion hasTt-acceptor properties and smaller than unity if it has
2+f^-donor properties. They also suggested that divalent ions such as Cu
and NI^+ [26] acts asjT-electron donors while the Fe^+~ion [26,273 has the
properties of aTT-electron acceptor. Accordingly, for a series of closely
related ligands, the slopes of the correlation plots should be smaller than
unity in the former cases and greater than unity in the latter. These
predictions have been found to hold good in some cases but to fail in
others. Thus, Calvin and Wilson [4 ] showed that the slope of the correlation
plots for both the cupric acetyl-acetonates and the cupric salicylaldehydes
is less than unity. However, for the Ni^+ oxinates [9,29 3 and for the Hi^+
and Cu^+ imidodiacetates [l,12,26], the slope of the correlation plots is
greater than unity. Also, as mentioned above, the slope of the correlation
plot for both the ferric salicylates and ferric phenolates is less than
one. Thus, if Williams1 ideas are valid, it appears that, in some instances 
3+the Fe -ion acts as aTt-electron donor.
Since,it is difficult to assess directly the effect ofTT-bonding 
on the magnitude of the slope of such correlation plots, it appeared 
desirable to extend these studies to complexes in which TF-bonding is
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absent. For this reason, it was decided to investigate the complexes of
a metal ion which is unlikely to enter into7T-bonding with a ligand such
3+as the phenolate anion* Accordingly, the La -ion has been selected for 
it has the xenon inert gas configuration. In addition,it does not undergo 
hydrolysis in acid medium nor absorb light in the ultra-violet and visible 
regions [ 30] , the spectral regions within which both the undissociated and 
singly ionized forms of the ligands used in the present work absorb light
[ 31,32,33,34]. Both these factors serve to simplify the interpretation
of the experimental data. However^ the fact that lanthanum salts 
precipitate at a pH of 8.25 limits the pH- range within which experiments
with this ion can be carried out.
Although lanthanum was first separated from the*complex earth 
ceria'by Mossander [ 35 ] as early as 1838, little interest was shown for 
the next 80 years or so in the lanthanum chemistry apart from the 
development of more efficient methods of isolating lanthanum. Since,the 
compounds are usually the most insoluble of all the rare earth compounds, 
fractional recrystallisation showed itself to be very useful in obtaining 
pure lanthanum salts. In this way, many lanthanum compounds have been 
prepared including lanthanum oxalate [ 36*37]» acetyl acetonate [ 38], and 
m-nitrobenzene sulphonate C 39J• However, the separation is so difficult 
that until comparatively recently lanthanum chemistry has been considered 
a 'fruitless time-consuming venture of little theoretical significance 
and no practical importance* C 40]• With the advent of modern separation 
techniques very pure lanthanum compounds have become readily available 
and since then, the interest in lanthanum chemistry has greatly increased. 
Most efficient among these separation techniques-'is solvent extraction 
and in particular the ion exchange method. The use of solvent extraction
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for the separation of the rare earths was pioneered by Selwood and Appleton 
[41] and by Templeton and Peterson [42,43]* who studied the distribution 
of La and Nd compounds between an aqueous and an alcoholic phase. However, 
the most effective tool for the resolution of the rare earths is ion 
exchange, a method largely pioneered by Spedding and co-workers [44*45*46]. 
This technique involves the selective elutriation of a mixture of rare 
earths absorbed on a cation-exchange resin by the use of complexing agents. 
Apart from being of great practical importance, these ion exchange researches 
have shown that of all the lanthanides, lanthanum appears to have the least 
tendency to form complexes [48,49?50,5l]•
3+ •The earliest work on the complexes of the La -ion with organic 
ligands arrears to be that of Schwarzeribach and co-workers. Using the 
method of pH titrations, they determined the stability constants of the 
complexes of the La^+-ion with the nitrilotriacetate (N.T.A.) [52] and 
with the hydroxy ethyliminodiacetate (H.I.M.L.A.) [53] complexones, and 
found them to be of the order of 10"^.
Peacock and James [54] in 1952 studied the complexes of the
3+La -ion with a number of organic ligands such as malonate, succinate, and
fumarate by means of potentiometric measurements. They concluded the,t 
3+the La -ion combines with these ligands through ion association. The
association constants of these ion pairs range- from 10^ (for lanthanum
malonate) to 10 (for lanthanum fumarate).
Particularly interesting, on account of their exceptional stability,
3+are the complexes of the La -ion with the amino poly-carboxylic acids, 
which have been the subject of extensive studies. A very good example 
of complexes of this type is that formed by the lanthanum ion with 
1,2. diamino cyclohexane IT TT H1H ‘ tetraacetic acid (LCTA), whose stability
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constant; according to Schwarzeribach et alia [55], is 1.8 x 10 • Even more
34-stable are the complexes of the La -ion with di-ethylene triamino
pentaacetic acid (DTPA) [ 56 3 and triethylene tetraamino hexa N acetic acid
(TTHA) [ 57 ] whose stability constants have been found to be 9«1 x 10"^
23and 1.2 x 10 »respectively.
In 1961, Oefola et alia [ 58 ] undertook a potentiometric study of 
34-the complexes of the La -ion with a number of chelating agents such as
aminoacetic, malic, and salicylic acids. Of particular relevance to the
present work is the lanthanum salicylate ion pair, which these authors
apparently formulated as a chelate and whose stability constant they found
to be 4.37 x 102.
The effect of substitution, on the stability of the complexes of 
34-the La -ion with a series of salicylaldel13d.es was first investigated by
Postmus et alia [59 1 In determining the stability constants of these
complexes, the authors applied a method based upon spectrophotometric and
pH measurements. Using the results of their measurements,they plotted
the logarithm of the stability constants of the lanthanum complexes against
the negative logarithm of the dissociation constants of the corresponding
salicylaldehydes and obtained a reasonably good straight line.
Considerable amount of work has also been done on the complexes of 
34-the La -ion with inorganic ligands. The earliest study of a complex of this 
type appears to be that of C.W.Davies [6q] who estimated the. association 
constant of the LaSO^* ion pair using conductometric .measurements.
In 1948, Davies and James [6l] determined, also conductimetrically, 
the association constant for the lanthanum ferricyanide ion pair over 
a wide range of concentrations and at three different temperatures.. They 
found that their results were in accords with the .predictions of the
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Bjerrum theory [ 62 ] ?corresponding to distance of closest approach of about
7-2 and concluded that in the lanthanum ferricyanide ion pair, at least
3+one water molecule is attached to the La -ion. Virtually the same results
were obtained by James and Monk [63] and by Monk [64] for the lanthanum
cobalt!cyanide ion pair.
Mattem I65] carried out a spectrophotometric investigation of 
3+the complexes of the La -ion with the 'Carbonate, peroxide, thiosulphate, 
chloride, chlorate, and nitrate anions 25°C in 1M NaClO^ solution. He 
found that, under these experimental conditions, very weak ion pairs are 
formed, their association constants being less than 1.
Monk [66] measured conductimetri'cally the association constants
3+for the complexes of the La -ion with tri-and tetra~meta.phosph.ates,
5 6and obtained the values 5-0 x 10 and 4*6 x 10? respectively. On the
basis of the Bjerrum theory, he concluded that in these complexes the 
3+La^ -ion is only slightly hydrated.
Panckhurst and Woolmington [67 ] made a spectrophotometric study of 
the lanthanum ferrocyanide ion pair and found it to be considerably more 
stable than that of the lanthanum ferricyanide ion pair.
Since, the lanthanum ion is unlikely to enter into covalent bond 
formation,it is reasonable to assume that all the lanthanum complexes?
6Ven the most stable ones, ,are formed .through'ion association. An 
intimation as to the validity of this view may be obtained by evaluating 
the Bjerrum distance of closest approach ’a’ for the most stable complexes 
of the La^+-ion, i.e. those with I)CTA, DTPA, and TTHA complexones.
Let K represent the association constant of a lanthanum ion pair 
then, according to the Bjerrum theory (loc. cit.), in dilute solutions
1/K = (l-«)/o = (4rtVlOOO)(jzLa3+zL |e2/£Kr)3Q(b), ...(1.4)
in which K is the association constant of the ion pair, ®£the degree .
of association of the electrolyte, c the concentration of the electrolyte,
3+N the Avogadro number, zTia3+ the charge on the La -ion, z^ the charge on
the ligand, e the dielectric constant of the solvent, (in the present case,
water,e = 78*3)> k the Boltzman constant and e the electronic charge. The
quantity Q(b) is defined by
pb ,
Q(b) = J exp y. y . dy, ...(1.5)
e^/^ekT, ...(1.6)
and b =|z^3+Zjj|e^ /S'SkT .,.(1.7)
r being the distance measured from the central ion. Putting z^3+ = 3 
and solving for Q(b) we have
Q(b) = IC/ 74.42 zL3. ...(1.8)
Values of the integral Q(b) in terms of the quantity b have been 
calculated and are given in standard text books [ 6s] . The value of b so 
obtained may then be used to find ’a’ for the ion pair by means of equation
(1.7).
The results of these calculations for the three complexes are
summarised in the table (l.l). It can be seen from the table that, for
each of these complexes the calculations yield for 'a' a value of about 
o
2A, which in view of the large size of the ligand molecule appears to be 
much too small. It must be remembered, however that in the Bjerrum theory, 
the distance of closest approach is defined as the distance between the 
centres of two ions of opposite sign in contact, the ions being regarded
where y ~| z^a3+z
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TABLE 1.1.
LIGAHD K ZL log Q(b) b a
DCTA 1.8xl016 -4 12.3 43.5 1.97 A
DTPA 9.lxl019 -5 16.04 55.0 1.95 2
TTEA 1.2xl025 -6 18.79 59.5
0
2.16 A
as rigid spheres. Such a picture of an ion is certainly not a correct
description of these three ligands in that they contain a number of charged
and highly flexible groups. Ligands of this type have the properties of
34-chelating agents and should be able to form with the La/ -ion highly
stable complexes, through ion association alone. It is most likely that
34-in the course of such chelation, the La -ion and the ligand molecule suffers
considerable dehydration which may greatly contribute to the stability of
these ion pairs. Such a dehydration effect has already been suggested
by Monk in the case of the tri- and tetra-metaphosphates (loc. cit.).
Further support for this conclusion may be found in the work of Betts and
Lahlinger [69] who showed that the formation of the complex of the La^+-ion
with EDTA results in a large increase in entropy. Such an entropy increase
can be best accounted for by assuming that in the course of the chelate
formation, the ligand displaces the water molecules from the hydration 
3+sphere of the La -ion.
Since, the present work is primarily concerned with the ion pairs 
34-of the La^ -ion with some phenols, a brief account of the Bjerrum theory
of ion association is perhaps desirable at this point.
An. important part in the Bjerrum theory plays the quantity ’q*
called the ‘critical distance of separation’and defined by
-20-
q = ]z+ 2i. je2/2elcTo ...(i.9)
It is equal to the distance of separation of the two ions at which the 
mutual potential energy of the two ions is eq.uaJ. to 2kT and represents the 
position of minimum probability of finding an ion of opposite charge on 
a sphere of radius q surrounding the central ion. Although the existance 
of ion pairs, predicted by Bjerrum, has been experimentally well established, 
the Bjerrum theory cannot be regarded as generally valid, at least not 
without suitable modifications. One defect of the Bjerrum theory is 
undoubtably the inadequacy of the model of rigid spherical ions which 
must fail in certain cases, as for example the case of the amino poly- 
carboxylate anions. Another objection to the Bjerrum theory is the use 
of the bulk value for the solvent dielectric constant, which is unjustifiable 
in the region close to the ion. However, in spite of its limit ations', the 
Bjerrum theory is still very useful in the discussion of ion association.
 ^ -There are several methods’available for the . determination of the 
association constants of ion pairs, of which the most widely used are 
conductivity, solubility, potentiometry, spectroscopy and the study of 
reaction rates.
The conductivity method is particularly useful in dealing with 
ion association in a symmetrical electrolyte, in which the ion pair will 
be uncharged and thus, will not contribute to the total conductance of the 
solution. With unsymmetrical electrolytes the position is more complicatedy 
since the ion pair is now a new, charged entity, contributing to the 
measured conductivity. Under suitable conditions the conductivity method 
is capable of providing very accurate values for the association constants 
of ion pairs as evidenced by the work of Davis and James (loc. cit.) with 
lanthanum ferricycanide.
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The measurement of the solubility of a sparingly soluble salt 
in the presence of another electrolyte was first used by Davies [?o] for
the determination of ion pair formation. It was found in order for the 
activity coefficients to be the same in any solution of the same ionic 
strength, independently of the nature of the added salt, incomplete 
dissociation of the electrolyte had to be taken into account. Many 
solubility data are difficult to interpret since considerable variation 
often occurs in the composition of the aqueous phase and, hence, in the 
stoichiometric solubility product. Calcium and thallous iodates have 
conveniently low solubilities and have been widely studied [71,72,73] 
for ion paring.
Numerous potentiometric methods have been applied to the problem 
of ion pair formation, the commonest being the measurement of pH, usually 
involving the glass electrode, Bjerrum and Schwarzenbach [ll3-,52] werelatgely 
responsible for the early development of this method. Several workers 
[74,75] have extended this method to the study of incomplete dissociation 
in salts of weak acids and -bases, The results' obtained by this method 
are often inaccurate due to the uncertainties associated with the liquid 
junction potential.
The changes in the optical absorption of a solution on the addition 
of other ions are analysed in order: to.derive the extinction Coefficient of 
an assumed new species (the ion pair) and thence, to evaluate its 
association constant. The optical density D , (in a cell of unit length), 
for such a system is given by
and where e and square brackets denotes the extinction coefficient and
is the metal cation, X the ligand and MX the ion pair
the concentration of the species, respectively. The situation is even more 
complicated in cases in which the ligand is formed by the dissociation of a 
protic acid for then,both the undissociated and the anionic form of the acid 
may absorb. The analysis of the absorption spectra for such a system is not 
simple. In fact, according to Rossotti and Rossotti [76J, there appears to 
be no general method, reported in the literature, for the evaluation of the 
association constants for ion pairs from spectrophotometric data alone, when 
three species contribute significantly to the total absorbance. The 
difficulty of dealing with a system invdlving three or more absorbing species 
can be greatljr simplified if a suitable wavelength can be found at which 
either the metal ion or one or more form of the ligand does not absorb, 
thereby reducing the number of unknowns [773. Unfortunately, such a wave­
length cannot always be found. Another way of overcoming the problem is 
to combine spectrophotometric techniques with pH measurements - the method
recently employed by Postmus and co-workers (loc. cit.) in their study of
34-ion association between the La -ion and some substituted salicylaldehydes. 
The disadvantage of this method lies in the fact that it produces an 
additional source of error associated with pH measurements.
The measurement of reaction rates provides a useful method for 
estimating the degree of dissociation of salts in solution. Mien an ion 
of a strong electrolyte takes part in a reaction with a neutral molecule, 
the reaction velocity is usually more closely proportional to the 
concentration of the ion than to its activity [78]. Thus, when the ion 
is present as a salt which is incompletely dissociated, the reaction 
velocity may be used as a measure of its true concentration. The method, 
of course, can only be used in cases in which the rate of reaction is 
sufficiently slow that it may be conveniently measured. When this is
-23-
possible j the association constants found by this method are in general 
agreement with those derived by other techniques.
Of the methods described above, the spectrophotometric procedure 
appears to be the most promising and that, for the following reasons -
1. Modern spectrophotometers are capable of measuring optical 
density with high precision; moreover, optical density measurements made 
at very low concentration are relatively as accurate as those made at 
higher concentration [79].
2. It dispenses with pH measurements.
3. In many cases a wavelength can be found at which one or more 
species do not absorb.
Since, no general method for the determination of association 
constants of ion pairs by purely spectrophotometric measurements has been 
reported in the literature (loc. cit.), it is clear that a new approach to 
this problem is necessary. In this connexion it appeared desirable to 
explore, in the present work, the applicability of the spectrophotometric 
method to the quantitative study of ion association as widely as possible.
-24-
S E C T I O N  II
EXPERIMENTAL
-25-
PART 1
MATERIALS
Unless otherwise stated, standard analytical procedures were 
carried out as described by Vogel C 8o3i All glassware used was either 
of Grade 'A1 standard or of carefully calibrated Grade ’B f standard. All 
reagents were of ^AnalaR1 grade - with the exception of the benzoic acids, 
phenols, sodium perchlorate, and’ lanthanum oxide.
Purification of the Benzoic Acids and Phenols.
The benzoic acids and phenols - with the exception of salicylaldehyde 
itself which is a .liquid at room temperature - were purified by 
decolourising with activated charcoal (where necessary), and repeated 
recrystallisation from conductivity water with subsequent drying in vacuo 
over P2Cy Special care was taken to remove all traces of the 5-nitro- 
isomer from J-nltxo salicylaldehyde. This involved dissolving the 
impure sample of 3-nitro salicylaldehyde in HaOH solution, from which the
5-nitro isomer crystallised out on standing [ s i ] .  The purity of each 
benzoic acid or phenol was tested by melting point determinatiom and by 
comparing the absorption curves for solutions of the ligand with those 
reported in the literature. The following table (2.1) gives the origin 
of the sample, the colour, and the observed and literature values; of the 
melting points of the benzoic acids and phenols, used in the course of 
the present work.
Purification of Salicylaldehyde.
Salicylaldehyde (Eastman Chemicals) was purified by the copper 
acetate method [86 ]. The purified material was a very pale yellow liquid 
which after 3“4'days turned cherry pink, even though it was stored in 
stoppered bottles in the dark. No colour change, however, was observed
-26-
TABLE 2.1
Compound Origin of Colour and Melting Point . Reference)
Sample Nature of Observed Literature j
Compound Value Value •
  ______ °C °C •
Salicylic Acid B.D.H. White needles 159.5 159-159.5 [82]
5-Methyl-
Salicylic Acid
B.D.H. White needles 161.75 161,5-162 [82]
5-Chloro-
Salicylic Acid
Eastman
Chemicals
White needles 172.25 172-173 [82]
5-Bromo-
Salicylic Acid
Eastman
Chemicals
White needles 168.5 167.5-168.5 [82]
5-Nitro-
Salicylic Acid
Eastman
Chemicals
White needles 231.75 232-233 [82]
3-Nitro-
Salicylic Acid
B.D.H. Bright yellow 
needles
145.0 144.9-145.2 [82]
5-Nitro-
Salicylaldehyde
Eastman
Chemicals
Tan needles 109.25 109-110 [83]
5-Nitro-
Salicylaldehyde
Eastman
Chemicals
Bright yellow 
needles
126.0 126 [85]
4-Hydroxy-
Benzaldehyde
B.D.H. White needles 116.25 115-116 [83]
4-Nitro- 
Benzoic Acid
Obtained by Pale yellow 
^hydrolysis of needles 
’AnalaR' 4-nitro 
Benzoyl 
Chloride.
241.5 241.5 [83]
3-Bromo- 
Benzoic Acid
Eastman
Chemicals
White needles 155.5 155 [83]
Benzoic Acid B.D.H. White plates 121.8 122 [83]
4-Hydroxy- 
Benzoic Acid
Hopkin and 
Williams
White needles 215.25 214.5-215.5 [84]
when the purified material wsts kept under nitrogen. The purity of the 
material was tested by measuring the refractive index and the absorption 
curves for solutions of the ligand. Good agreement between observed and 
literature values was found [87,88,89?9o].
Sodium Perchlorate
Sodium perchlorate was purified by repeated recrystallisation from 
conductivity water, and the resultant crystals were dried at 13Q°C and 
allowed to cool in a desiccator over phosphorus pentoxide.
Perchloric Acid
Standard perchloric acid solutions were prepared from a 70-72% 
perchloric acid solution and standardised against both borax and sodium 
carbonate. The borax used for this purpose was purified by recrystallisatio'n 
from conductivity water, as described by Manov, Dehollis and Acree [91J. 
Sodium Hydroxide
Standard solutions of sodium hydroxide were prepared by transfering 
a filtered 50ya sodium hydroxide into a nickel-bottle C 92j (fitted with a 
soda-lime guard tube) containing a requisite amount of carbon dioxide-free 
conductivity water. The resulting solution was standardised with potassium 
hydrogen phthalate and standard perchloric acid.
Lanthanum Perchlorate
A stock solution of lanthanum perchlorate was made up by dissolving 
99*5$ lanthanum oxide (Johnson and Mat they) in a dilute perchloric acid 
solution [ 93J * The resulting solution was analysed for lanthanum by 
titration with E.p.T.A. in the pres.enoe of xylenol .orange..as the indicator 
[94]« The E.L.T.A. used for this purpose was purified by re crystallisation 
from, conductivity water in the manner described by Blaedel and Knight [95]. 
The E.B.T.Ai solution was standardised [96] against spectroscopically pure 
zinc (Johnson and Matthey). The concentration of free perchloric acid
-28-
in the lanthanum perchlorate stock solution was found by passing an 
aliquot of the solution through a cation-exchange resin (Zeocarb 225) in 
the hydrogen form and titrating the eluant with a standard CO^-free 
sodium hydroxide solution using methyl red as the indicator.
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PART 11
SPECTROPHQTQMETRIC MSASUREMTS.
The Instrument.
All spectrophotometric measurements were made by means of a
Unicam S.P. 500 spectrophotometer. The instrument consists of a deuterium
lamp, for the range 200 - 320 mp, and a tungsten lamp, for the
320 - 1000 mu. region, a monochromator with a 30° quartz prism,.and
interchangeable blue, and red photocells. The photocell output current is
measured by balancing the drop across a load resistance of 2000 megohms
with a slide wire potentiometer calibrated in both percentage transmission
and optical density. The sensitivity control varies the electrical
sensitivity by approximately 10 to 1, allowing the user to set the slit
width and operate at predetermined band widths. A switch is also provided
which increases the scale sensitivity by a factor of 10, permitting
greater accuracy of reading when the optical density is above unity. The
instrument is equipped with a thermostated cell holder, in which the cells
are kept at 25 - 0.1°C.
The wavelength scale of the instrument was calibrated initially
o o
by means of the hydrogen lines at 6563A and 486IA. It was then checked
every time optical density measurements were made using a holmium glass
o
filter which absorbs very strongly at 3609A, The optical density scale 
was calibrated using an aqueous solution of potassium chromate [ 97] in 
0.05 M KOE^  which was found to be a suitable standard. Measurements were 
made occasionally at a number of wavelengths to check the optical density 
calibration.
Optical Density Measurements
Before any optical measurements were made the spectrophotometer
was always switched on for at least one horn* to allow the machine to 
become electronically stable. In all spectrophotometric measurements 
matched silica cells were used^ these were of 1,2 or 4 cm, path length, 
depending on the nature of the experiment. One cell always contained the 
solvent, and the other the solution whose optical density was to be measured. 
The cells were placed in exactly the same position every time measurement^ 
were made. The cells were calibrated, every time optical density 
measurements were made, with solvent in both cells. The measured optical 
densities were then corrected for these small cell differences. In 
measurements where sodium hydroxide was employed, the cell containing - 
the solution was washed with water, followed by alcohol, acetone and ether. 
The dry cell was quickly filled with the solution containing sodium hydroxide 
and stoppered.
In the measurement of optical density for calculation purposes, 
duplicate solutions were used in all cases. The concentrations of the 
absorbing species were adjusted, in such a way so as to give optical 
density readings in the preferred range 0.2 - 0.8. For measurements made 
at a fixed wavelength, the specified wavelength was always approached from 
one direction. This was done to prevent 'backlash1. The slit width was 
then set and all measurements at that wavelength were made using the same 
slit width.
Prior to any optical density measurements the experimental solutions 
were kept in a thermostat at 25°C for at least one hour. After the 
solutions had attained thermal equilibrium, they were transferred to optical 
cells and the latter placed in the thermostated cell holder 5 there they 
were allowed to stand until the temperature of the solutions in the optical 
cells reached 25°C. This usually took only a few minutes. The temperature
-31-
of the solutions in the optical cells was measured by means of a thermistor
bridge. The optical density was then recorded as an average of at least
+ ;three successive readings, which agreed to within - 0.2c/o.
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PART III
PROCEDURE USED TO OBTAIN EXPERIMEIJTAL EVIDENCE POE ION PAIR FOBMATION.
In the present work experimental evidence for ion association
was obtained by applying the following procedure} Two series of solutions;,
(referred to as series A and series B), were obtained by Mixing fixed
amounts of a standard La(ClO^)^ solution and a standard solution of the
ligand, with varying1 amounts of either a standard HCIO^ or a standard NaOH
solution. In some cases, the requisite amount of HCIO^ was very small? so
llsdtto minimize the experimental error sodium hydroxide was also added.
To each mixture, a calculated amount of a standard NaCIO. solution and a 
’ 4
requisite amount of water were added, so that, in each series, the
stoichiometric concentration T^ of La(ClO^)^, the stoichiometric
concentration T^ of the ligand, and the ionic strength I of the final
solutions were maintained constant. Throughout the present work the
_2
concentration of lanthanum was kept at T^ . « 1 x 10” mole/l., and the
ionic strength at I ~ 0.1. It should be pointed out, however, that in
order to observe the lower pH convergence limit in a few cases, e.g. the
lanthanum, salicylates, it was found necessary to use solutions whose
ionic strength was slightly greater than 0.1. In order to keep the optical
density within the optimum region of 0.2 - 0,8, the concentration of the
-4 -5ligand was varied from case to case in the range 2,5 x 10 - 1 x 10
mole/l. The stoichiometric concentration of La(ClO^)^ was thus always
3+40 - 1000 times greater? this large excess of La -ions being used to 
minimize the formation of ion pairs containing more than one ligand per 
metal ion.
The solutions of series B were prepared in exactly the same way 
except that the La(C10^)^ was replaced by NaClO^ - the amount of which
was adjusted so as to keep the ionic strength of the solutions constant 
at I - 0.1. Thu% to each solution of series A, there corresponds a solution 
of series B at exactly the same stoichiometric concentration of HCIO^
(and/or NaOH). The hydrogen ion concentration of the solutions, in both 
series A and B, was varied in a pH range which depended on the nature of 
the ligand.
To obtain evidence for the occurrence of ion association between 
3+the La -ion and a given ligand, the absorption curves of the two series 
of solutions were recorded as a function of pH, The absorption curves of 
all the solutions of series A were then compared with those of the 
corresponding solutions of series B. In all cases studied in the present 
work significant differences between the two types of absorption curves 
we re observed, the magnitude of which depended on the pH of the solutions 
and the wavelength, (see for example figure 4«l)» These differences were 
interpreted as evidence for ion association.'
S E C T I O N  III
SPECTROPHOTOMETRIC DETERMINATION OE THE
DISSOCIATION CONSTANTS OF 3- AND 5- 
NITRO-SALICYLALDEHYDES.
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The determination of the association constants for the ion pairs 
to he studied in the present work requires a knowledge of the dissociation 
constant of the respective organic acids. The thermodynamic dissociation 
constants of most of these acids have already" been determined with high 
precision by other workers, [ 31 ? 98 s.99»100,101,102,103]* The values obtained 
are listed in table (3 *l)• There was, however, some doubt as to the 
reliability of the values of the dissociation constants for the 3- sood 5- 
nitro-salicylaldehydes. These have been determined by ; Postmus, Magnusson 
and Craig [59] using a procedure involving both spectrophotometric and 
pH measurements. Since,this method involves two sources of error, it was 
decided to redetermine these quantities spectrophotometrically. Por this 
purpose^a modified form of the procedure reported by Ernst and co-workers 
[.98,105] was used. The theoretical basis of this method in explained 
below.
Spectrophotometric methods of measuring acid dissociation constants
have been extensively used in recent years [ 97 ? 103»104-J. As already
mentioned, the main advantages of this method lie in the fact that optical
density measurements made at very low concentration are relatively as
accurate as those made at higher concentrations, and that even for very
small dissociation constants, quite reliable results can be obtained under
favourable conditions. Thus, for example, Ernst and Menashi [3l] have
-15shown that dissociation constants as small as 10 can be measured 
spectrophotometrically with sufficiently high precision (-2$).
TABLE 5.1
Compound Dissociation
Constant
Reference
Salicylic acid 1.064xl0“5 [31]
3-Methyl Salicylic acid 1.135xlO”5 [31]
5-Chloro Salicylic acid 2.23x10“^ [31]
5-Bromo Salicylic acid 2.20xl(f3 [31J
5-Nitro Salicylic acid 7.57xlO“5 [99]
3-Nitro- Salicylic acid 13.4xlO"5 [99]
? Salicylaldehyde 4.23x10“5 [100]
4-Hydroxy Benzaldehyde 2.43xicf8 [.100]
Benzoic acid 6.295xlO“5 tioi]
4-Nitro Benzoic acid 3,6lxl0”4 [102]
3-Bromo Benzoic acid 1.553xlO“4 [l'02]
4-Hydroxy Benzoic acid 2.692xl0“5 [32]
3-Nitro Salicylaldehyde 5.870xl0”6 present work
5-Nitro Salicylaldehyde 4.676xlO~6 present work
THEORETICAL
The thermodynamic dissociation constant of a weak acid of the type 
HL is defined by
- h [ X." ] fj2 / [ HL j , ...(3.1)
where f^ is the activity coefficient of the singly charged species, 
h = [H+], and all the other-symbols have the usual significance.
The optical density of a solution of a weak monobasic acid of
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concentration Tt, obeying the Lambert Beer law, can be shown to be given by
ij
D = (»o hfj2 + Kl)/(K1 + hfj2). ! ...(3.2)
In the above equation the quantities and B^ are defined by
Do = eH L TLl  ...(3.3)
TL^? *••(3.4)
in which eTTT and eT~ are the molar extinction coefficients ©i* the undissociatedH 1 > Jj
and dissociated forms of the a.cid, respectively, and i the optical.path length. 
Equation (3*2) may be rearranged to yield
£ l/(K1 + hfj2) = (D - Do)/(D1-Do). ...(3.5)
The concentration of the anion L , corresponding to any given 
value of h is
[L_j = + hq2). ...(3.6)
By combining equations (3*5) and (3*6) we find
[iTJ = (b-bo)tl/(d1-do). ...(3.7)
Let a and b represent the stoichiometric concentration of HClCh
and BaOH, respectively, then the electroneutrality condition takes here 
the form
h = (a - b) + [iTJ, ...(3.8)
or, in view of equation (3*7)
h = (a b) + (B - - Dq). ...(3.9)
By combining the last equation (3*9) with, equation (j. 2) and 
rearranging we find
(a_b) + (d_i,o) Ti /(B1-Bo) = K ^ - D ) /  f-f (B -Bq). ...(3.10)
Thus a plot of y = (a-b) + (B-Bq) /(B^-B^) against
(B^-B) /f^ (B~Bq) should yield a straight line passing through the origin, 
with a slope equal to K ,
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Accordingly, the determination of requires the measurement of 
the optical densities of solutions of the nitro-salicylaldehydes, under 
conditions of varying pH.
RESULTS AM) DISCUSSION 
SELECT!OH OF WAVELENGTH 
To find the most suitable wavelength, the absorption curves for 
solutions of the two salicylaldehydes were recorded at various pH values.
The results are presented in figures' (3.1) «and (3.2),fromwhich it can be seen 
that the spectra consist of two distinct bands, aad that the absorption 
curves intersect at . well defined isosbestic pointy In both cases, the 
band corresponding to the presence of the undissociated species occurs at 
shorter wavelengths than that of the ionized species. It can be seen that 
in both cases the effect of changing the pH is most pronounced at the 
wavelength corresponding to the absorption band of the anion. Accordingly, 
optical density measurements were carried out at these wavelengths, that 
is, at A. = 425 mp for 3-nitro salicylaldehyde and at X = 405 mH tor 
5-nitro salicylaldehyde,
MASUPJIiEHT OF D AM) D 0
The procedure based upon equation (3.10) requires a knowledge of 
and at the selected wavelength. The quantity Dq was found by 
measuring the optical density of solutions of the two salicylaldehydes 
which were 0.001, 0.005, 0.01, 0.05, and 0.101 M ’in perchloric, acid. ‘The 
results of these measurements, which were carried out at the selected 
wavelength shew that as the concentration of HCIO^ was increased, at first 
a decrease in the optical density of the solutions took place but over 
the range 0.01 - 0,10 M HCIO^, no further variation: in D was observed.
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Accordingly, the optical density of the solutions which were 0.1 M in 
HCIO^ were adopted for Dq.
For the purpose of determining the quantity D^, solutions of the 
salicylaldehyde were prepared which were 0.01, 0.05, and 0.10 M in NaOH.
The optical density of all these solutions over this concentration range 
of NaOH was found to have the same value, which was therefore identified 
as D^. The values of Dq and for 3-nitro salicylaldehyde are given in 
table (3*2) and for 5-nitro salicylaldehyde in table (3*3)•
MSASUREMT OF THE DISSOCIATION CONSTANTS 
OF 3- AND 5-NITR0 SALICYLALDEHYDES.
For the determination of the dissociation constants of 3- and 
5-nitro salicylaldehydes, varying amounts of either a standard HCIO^ or 
a standard NaOH solution were added to a fixed amount of a standard solution 
of the salicylaldehyde. To each mixture, a calculated amount of a standard 
NaClO^ and a requisite amount of water were added, so that the stoichiometric 
concentration T^ of the acid, and the ionic strength I of the final 
solutions were maintained constant. In order for the pH variation of 
optical density to be as large as possible, solutions of the salicylaldehydes 
were used whose pH values were of the same order of magnitude as the 
corresponding value of pK^. Thus, for both salicylaldehydes the pH of 
the solutions ranged from about 4*5 - 5*5. In general, the effect of 
COg on solutions of pH-^5 is negligible. Nevertheless, to minimize this 
effect, boiled-out water was used throughout and all experimental work 
was carried out in an atmosphere of nitrogen.
The ionic strength of the experimental solutions is given by 
I « i {[Na4] + [H+j + [0H"J + [iTj + [C104"jj. , ...(3.11)
which, in view of the electroneutrality condition,
-42-
[Na+j + [h+] = [OH'J + [IT] + [C104-j, ...(3.12)
■becomes
I = [Na+ J +  [H+ J, ...(3.13)
where [Na+ J - d = concentration of NaClO^ added. Since,under the 
experimental conditions employed [H+ J is negligibly small compared w ith  
[Na+ ]fc:0.1, then
I = [Na+ J . ...(5.14)
The activity coefficient f^ and all other activity coefficients 
used in the present work, were obtained from the Davies equation [reference 
[77] page 4lJ in the form
- log10fa.~ 0.5z2 [l*/(l +  x*) - 0 .31], ...(3 .1 5 )
with a possible error not exceeding - 2$.
In accordance With equation (3.10),the requisite values of the
dissociation constants were .found b y  plotting
(a - b) + (D -. DQ) Tl / - Dq) against ^  - D) / S *  (l> - dJ,
For both acids very good straight lines were obtained, which are
shown in figures (3*3) and (3.4) » The slopes of these plots were evaluated
by appljd-ng the method of least squares, n
The precision of the experimental data was estimated by calculating
the standard deviation cr of y_ = (a -b) + (D - D ) Tt / (D_ - D ). Thisy 1 ' o' L ' v 1 o'
is defined by
o = f£(Ay)2 / (n - I)]"8", ...(3.16)'
y 1
where Ay = yca-^c “ y0bs n num^er observations. The standard
deviation of the slope (K^) is given by
^  = CTy ...(3.17) .
in which x = (D.. - D ) / f_ ( D - D ) .x 1 o' ' 1 v o'
-43-
The experimental data and the results of these calculations are 
given in tables (3*2) and (3*3)» In view of the small standard deviation 
(less than i 2$), found in the present work for the two dissociation 
constants, we may conclude that the procedure discussed here is reliable.
It should be noted however that the values of found in the present work 
are about 10^ o higher than those reported by Postmus, Magnus son and Craig C 59 J ®
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THE SPECTROPHOTOMETRIC DETERMINATION OP THE
ASSOCIATION CONSTANTS OP THE ION PAIRS 
OP THE LANTHANUM ION WITH SOME 
SUBSTITUTED SALICYLIC ACIDS
AND SALICYLALDEHYDES.
Since, the stability constant of the lanthanum sa,licylate complex 
has been already determined potentiometrically by Cefola et alia [58]» the 
lanthanum - salicylic acid system appeared to be the most suitable starting 
point for the present work,
THE LANTHANUM - SALICYLIC ACID SYSTEM
EVIDENCE FOR ION PAIRING 
In order to obtain evidence for ion pairing in the present system, 
the procedure described in the Experimental Section was used. Accordingly, 
two series of solutions, A and B, were prepared, in which the stoichiometric 
concentration of salicylic acid T^ and the stoichiometric concentration
—A —2
of lanthanum perchlorate T^ was 2.5 x 10 mole/l; * and 1 x 10 mole/l., 
respectively, and the ionic strength, I = 0.1; The pH of the solutions 
of both series ranged from -"-1.5 - corresponding to a degree of
dissociation of about 5/ to about 99/ of the acid. The absorption curves of 
these solutions were then recorded over the wavelength region 250 - 550m|i, 
as a function of pH,
It was found that over this spectral region, in .which neither 
La(ClO^)^, NaClO^, nor HCIO^ absorb light, the effect of the lanthanum 
ions on the absorption curves of salicylic acid was small. The largest 
effect was observed at h° (the hydrogen-ion concentration of the solutions 
of series B) 1 x 10 mole/l. This is shown in figure (4.1) which represents
the absorption curves for the solutions of series A and B, at this
hydrogen-ion concentration.
Inspection of figure (4.1) shows that the largest differences in 
the optical density of the two solutions occurs at X = 32Ding. This
wavelength, therefore, was adopted for the study of ion association in the
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lanthanum salicylate solutions. -Another reason for adopting this particular 
wavelength is that, here, the pH variationoof optical density was found to 
be the greatest. It is perhaps worth mentioning, in this connexion,, that 
this was also the wavelength chosen by Ernst and Menashi [jl] for their 
spectrophotometric evaluation of the first dissociation constant of 
salicylic acid.
To obtain a qualitative measure of the extent of ion pairing in 
the present system, the difference (AD) between the optical densities of
corresponding solutions of series A (p) and series 33 (D°), at X = 326m(i,
were plotted against h°. The variation of AH with h° is presented in 
figure (4*2) and table (4.1). It will be seen that, at this wavelength 
and over the pH range employed, H is always smaller than H°, and that the 
difference, AD = D° - D, increases at first with increasing h°, reaches a 
maximum at h0^  1 x 10  ^mole/l., and then decreases.
Since, in the pH region corresponding to this maximum, the AD 
values are significantly larger than the random experimental error involved 
in optical density measurement, the conclusion must be reached that some 
complex formation takes place in the lanthanum salicylate solutions.
On the right hand-side of the maximum, the quantities D and D° 
approach each other as h° decreases until at h°>-^  1 x 10"^ mole/l., when 
more than 99f° of the salicylic acid has dissociated, they become virtually 
equal, at a value of about O.23O, On the right hand-side of the maximum,
D and D° converge; as h° increases and approach the value O.69O. It will 
be seen later that these two limiting values coincide with the values 
obtained in the present work, at I = 0.1, for the quantities
Dl = ei tl ** ...(4.1)
and Do = eq Tl I, ...(4.2)
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respectively, in which eQ is the extinction coefficient of the undissociated
salicylic acid molecules, the extinction coefficient of the HlT.'ion,
and £ the length of the optical path.
This type of behaviour can he best explained by assuming that, in
the lanthanum salicylate solutions, ion pairing takes place between the 
3+La -ion and the singly ionized form of salicylic acid HL and that -the
extinction coefficient of the ion pair formed is not appreciably different
from that of the HL ion. As will be seen later, this fact can be used in
obtaining an approximate value for the association constant of the ion
pair. At pH values, at which most of the salicylic acid (in the absence
of lanthanum) would be in the undissociated form, little ion pairing occurs
and hence the optical densities of both the solutions of series A and B
will be approximately equal to !D ,,and AD will be very small. As h°
decreases, the degree of dissociation of the salicylic acid increases,
and consequently, the extent of ion pairing also increases; as a result,
the concentration of both the undissociated salicylic acid molecules H^L
and the HL ion in the solutions of series A will be less than in the
corresponding solutions which do not contain lanthanum (series B). Since,
the extinction coefficient of the complex e is approximately equal to thato
of the HL ion e^ , the optical density of the A series of solutions will
be less than that of the series B solutions, by an amount roughly proportional
to the decrease in the concentration in H^L brought about by ion pairing.
Finally, at pH values at which most of the salicylic acid is in the singly
ionized form, the contribution of HgL to the total optical density will
be small and both B° and I) will be approximately equal to D^.
The conclusion can thus be drawn that under the experimental
3+  -conditions employed, ion association occurs between the La - and HL ion,
-55-
2+leading to the ion pair LaHL . It appears, therefore, that contrary, to 
Cefola’s suggestion, no chelation occurs in this complex.
The fact that e ei, can explained by assuming that the selected
C J.
wavelength, X = corresponds to an isosbestic point for the equilibrium
between the HL~ ion and the ion pair.
THEORETICAL
In accordance with the spectrophotometric evidence discussed in
the forgoing section, it was assumed that in the lanthanum salicylate
3+ -solutions* ion association mainly occurs between the La - and HL ions.
Calculations based on data reported C106 3 on ion association in salts of
sodium and univalent anions suggest that at the total concentrations of
Ha - ions and salicylic acid employed in the present work, the extent of
+ —
ion pairing between the Na and HL ions would be much too small to be 
spectrophotometrically detectable5 the species HaHL can thus be disregarded. 
Since, in the pH range 1 . 5 - 5  adopted in the present work, the terms 
[OH"], [l2~J and [LaOH2+] are negligble, the only equilibria which need 
to be considered in the case of the lanthanum salicylate solutions are
H^L -— J L  H+ + HL~, (4.3)
■7 <~+
La + HL“ LaHL . ... (4.4)• • •
The respective equilibrium constants are given by
where h = [h+], c = [LaHL +], and f., f9, and f., are the activity coefficients
-56-
of the singly, doubljr, and triply charged species, respectively.
The concentration terms c, U a 5+], [HL”], and [h2L] are related 
to one another by the expressions
t l = O + [h l “] + [lyj, ...(4.7)
Tm  = [La3+] + c3s[La3+], ...(4.8)
since, in the present case, T ^ »  T^, and hence, a fortiori, T^^c.
By combining equation (4*7) with (4.5)» it follows that
[hl~] = (f^c^/^+hf.,2), ...(4.9)
[H2L] = (TL-o)hf12/(KL+hf12). ...(4.10)
The electroneutrality condition here takes the form
h * (a-b) + c + [lIlT], .,,(4.11)
where a and b are the stoichiometric concentrations of perchloric acid 
and sodium hydroxide added, respectively.
For the solutions of salicylic acid which do not contain lanthanum, 
series B, equations (4.7)> (4*9)» (4.10), and (4.1l) simplify to
^  « [hi-]0 + [HjL]0, ....(4.12)
[hl“]° = TlK j/x , ...(4.13)
[h2L]° = ..,(4.14)
h° = (a-b) + [EL-]0, ...(4.15)
where x = K.+ h°f. . ,..(4.16)
By means of suitable combinations and rearrangements of the above 
equations, it can be shown that
c = [H2l]° - [HgL] + [HL-]0 - [HL“], ...(4.17)
Ah - 0 - [HL-]0 - [HL-] , ...(4.18)
-57-
Ah ~ [h2L]° - [h2L], ...(4.19)
in which Ah = h -h°. •*.(4»20)
Substituting for [HL ] and [HL ]° from equations (4.9) and (4*13) 
into equation (4*18) yields
Ah2 x fx2 + Ah(x2+a?LK1f12-cxf12) - cxh0^ 2 = 0, ....(4.2l)
which is a quadratic equation in Ah. Since, in the pH range employed in
:1
2 2
the present case, the term Ah x f. is negligibly small, equation (4.21)
becomes
Ah = cxh°f12/(x2+TLK1f 2 - cxf-j2). ...(4.22)
Substituting for [hL~] from equation (4*18) into equation (4*6) 
and rearranging, it follows that
(Ahx + T-jX^/c =c*x, ...(4.23)
in which'1 + F/KTT/r, ...(4,24)
rl
where F = f^/(^^ x ^3)° ...(4.25)
Thus a plot of y* = (Ahx + T^K^/c against x should yield a straight 
line with a slope equal to<x .
The optical density of the solutions of series B is given by
D° « e^Hgl.]0! + ...(4.26)
In view of equations (4*13) and. (4* 14)» the last equation can be 
also written in the form
D°x = + D ^ f j 2. ...(4.27)
For the solutions of lanthanum salicylate (series A), the Lambert- 
Beer law takes the form
D - So[H2L]i + ei[ HL"]i + eoot, ...(4.28)
2+where e is the extinction coefficient of LaHL , c
-58-
Upon substituting for [HL ] and [h^l] from equations (4*9) an&
(4.10) into equation (4.28) and solving for c, it follows that
C = [ n ^  + hfl2Do - D^+hf^)] TL / [ n ^  + hf1\  -
' ...(4.29)
where D = e Txi .  ...(4.30)c c L
Combination of equation (4*29) with equation (4.27) gives
c = [ADx + Ahf,2(D ~D)] Tt / [ (D°-D )x  + Alif 2(D -D )]. ...(4.3l)1 0 L C 1 0 C \ .
Finally, subtracting equation (4.28) from equation (4.26) and 
rearranging, we have
A h C D ^ )  - AECl + Dl0 = B,c, ...(4.32)
from which it can be seen that if yn « Ah(Do-D^) - ADT^ + L^c is plotted
against c, a straight line should he obtained with a slope equal to D ,c
RESULTS AND DISCUSSION-
' DETERMINATION OF D AND D_
 o 1
:The evaluation of the association constant K requires a knowledge
of ec, eQ, and at the selected wavelength, X = 326mp. For the last
two coefficients, Ernst and Menashi [31] have found the values sq = 717
-3at I «s 0.8 and e^ . = 200 at 1 ^ 1 0  . However, as all solutions employed
in the present work were maintained at I = 0.1, it was decided to re­
determine these quantities by means of equation (4.27). This predicts 
that a plot of y = D°x against D°f^2 should give a straight line with a 
slope and intercept equal to Dq and D^K^ respectively.
The hydrogen ion concentration of the solutions of salicylic acid
-59-
made up for this purpose was calculated using equation (4.15) in the form 
h° = (a-b) + Kj!Tl /(K^ + h0^ 2), ...(4.33)
which can he transformed into a quadratic equation in h° and solved by 
standard methods,
The activity coefficients were evaluated by means of the Davies 
equation [ reference [77] pa-ge 4l] ? with a probable error Dot exceeding - 2% 
For I = 0.15. this yields the value f^ = 0,785* The results of these 
calculations are given in table (4*2), where d represents the concentration 
of NaClO^ in the experimental solutions. The plot cf y = D°x against h°f^ for 
salicylic acid is shown in figure (4*5)* In order to avoid confusion 
between the quantity x and the multiplication sign, in tables and diagrams 
where these symbols appear together, the multiplication sign will be ringed. 
The precision of the experimental data was estimated by calculating the 
standard deviation cr^ of y = D°x. This is defined by the equation
s RL (Ay)2/(n-l)P, .*.(4*35)
where Ay = yca]_c " ^expt n ~ num^er observations. The standard 
deviations of the slope and intercept were found from the expression [107]
oy|n2 /(n-l)[nX x2-(l.x)2]| S, ...(4.36)
^Intercept = ^  ^  ( 4  x)2-,K ! •••(4.37)
aSlope
inhere x = h°f^^.
It will be seen from the table that the values e = 688 ando
= 228, found in the present work at I = 0.1, differ significantly from 
the corresponding values obtained by Ernst and Menashi (loc. cit.). Since, 
these differences cannot be completely accounted for by the inaccuracy of 
the Davies equation, it appears that eQ, and to a much greater extent 
vary with changing ionic strength. It ha,s been reported before that, with
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certain charged species, the molar extinction coefficient is dependant on 
the species environment. Thus,Newton and Arcand [l08] showed that £q63+ 
and eQegQ^+ vary wi'kh. changes in the ionic strength of solutions in which 
they were measured. Gates and King [1093 have reported analogous effects 
concerning the absorption of CrfHgO^Clg"*" ion, end so have Coll and co­
workers [lio], for the FeCl^+ion pair. The latter workers attribute this 
effect to the dehydrating action of the perchlorates, used for controlling 
the ionic: strength of the experimental solutions. Monk and his associates
E m ]  have shown that the extinction coefficients of some uranyl ion pairs
depend not only upon the salt concentration, but also upon the nature of 
the salt used to maintain a constant ionic strength. Biggs [ll2] has 
emphasized also, that it cannot be assumed that activity coefficients remain 
constant in mixtures of constant ionic strength but of varying composition 
unless one of the components is always in large excess.
Since,the ionic strength of the experimental solutions employed 
in the present work was 0.1 throughout, the values Dq = O.69O and = 0.229 
were adopted for the determination of the association constant of the 
lanthanum salicylate ion pair. It was also found in the evaluation of 
K, that use of the present values for eQ and gave more consistent results 
than those of Ernst and Menashi (loc. cit.)
DETEEMINATIOil OF THE ASSOCIATION CONSTANT
An inspection of equations (4*33)> (4*22), (4,23), and (4.31) shows
that if I>c were known, the values of Ah and c, corresponding to any given 
value of h°, could be calculated by solving equations (4*22) and (4«3l)«
It would then be possible to evaluate the association constant K by plotting 
y ’ = (Ahx + TjK^)/c against x and measuring the slope a  of the straight
line so obtained. Thus, for example, the procedure leads to a value of 
2
1.20 x 10 for K, if D is taken to be equal to L, an assumption whichc 1
is justified by the experimental results discussed earlier. However, as
the exact value of D was not known, it was decided to obtain the bestc
possible value of K by the use of an optimization procedure which involved
the evaluation of <x as a function of D # For this purpose, first the values
of h° and x corresponding to any given value of (a-b) were obtained from
equations (4*33) and (4.16),respectively. The value of D was then variedc
at 0.001 intervals over the range 0.21 - O.24 and for each value of !D ,o
a set of Ah / c values was computed by means of equations (4*22) and (4*3l)>
using the method of successive approximations. The values of y 1 were then
found and the slope of the plot of y 1 against x determined by applying the
method of least squares. The goodness of fit at a given value of D waso
assessed by calculating the standard deviation [107] of <x . The
variation of a^ with D is given in figure (4*4) from which it can be % o
seen that as D increases, o, decreases, passes through a minimum and
C
then increases.
The values of CX and D corresponding to this minimum, and which0
enable the experimental data to be best fitted into equation (4*23) are
<X= 4*597 and D = 0.226, From this it can be seen that, in accord with o
the experimental evidence discussed previously, the value of I) is veryo
close to 3)^ . It will also be noted that the optimum value of K does not 
significantly differ from the one found by assuming Dc =
The results of these calculations, leading to K for the lanthanum 
salicylate ion pair, are summarized in table (4*3)> in which the precision 
of the experimental data is expressed in terms of the residuals Ay’ and 
Ay’1 and of the standard deviations o , ov and ou*. The plot ofiv G
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y 1 = (Ahx + T^K^)/c against x, at Dq = 0.226 is shown in figure (4*5)*
In computing the value of K from the best values of D and C< , the valueso
ff = 0.-7B51 ?2 = °*3797> and f^ = 0,1132 (obtained from the Davies equation
(loc. cit,)), were used. The standard deviation of K is seen to be less
than Vfo thus indicating that satisfactory precision has been attained.
In conclusion, it can be said that the optimization procedure employed in
the present case is quite capable of giving satisfactory results. However,
it appears that an important condition for a successful application of this
procedure is a knowledge of the approximate value of D ,c
2The present value for K is appreciably lower than the value 4*37- X 10
obtained by Cefola, Tompa, Celiano and Gentile [58] at 30°C using the
Bjerrum method [113] . In determining the. K value, these authors made no
3+allowance for the activity coefficient of the La -ion and more-over 
formulated lanthanum salicylate as a six membered chelate. Since,this 
assumption is contradicted by the spectrophotometric evidence obtained in 
the present work, the reliability of these authors’ value must be regarded 
as questionable.
As a further test of the reliability of these calculations, the
value of D was computed by means of equation (4*32) which predicts that o
a plot of y" = Ah(D - D ') - ALTt + D-c. against c should give a straightO X  X X
line with a slope equal to Dc. In this procedure the values of y" were
calculated using the values of Ah and C shown in table (4* 3) > and slope
of the plot of y M against c obtained by applying the method of least squares.
The results of these calculations are also given in table (4« 3) • and the
plot of y " against c in figure (4.6). The value 0.228 found by this means
and shown in table (4»3) as 3) X is in very good agreement with the valueo
0,226 obtained from the plot of against D . The standard deviation
3E /of D is less than 0 , 5 thus indicating that the plot of y ” against c c
yields a very good straight line#
THE IAFJI-IAMJM 5-MSPHYL, LAMTHAM3M 
5-CHL0R0, AKD LAKTHAM 5-BR0H0- 
SALICYLIC ACID SYSTEMS.
EVIDENCE FOR IOH ASSOCIATION
Evidence for ion association in the above systems was obtained 
using the same procedure as in the case of lanthanum) salicylate. Just 
as. in the latter case, the values of AD = D° - D were found to depend on 
both the wavelength and the hydrogen ion concentration and, in general, 
were small#
Figures (4*7)» (4*8)> and (4.9) show the relevant absorption curves 
for these three systems at the hydrogen ion concentrations at which the 
largest AD values were observed.
The wavelengths at which the pH variation of both D° and D were 
the largest were a,dopted for the evaluation of the association constants 
for these ion pairs. It is worthwhile to note that the wavelengths adopted 
for lanthanum 5-chioro and lanthanum 5-bromo salicylates were also those chcsai 
by Ernst and Menashi [ pi] for their spectrophotometric evaluation of the 
first dissociation constants of these salicylic acids. The variation of 
AD with h° at the wavelengths selected for all three systems is give::- in 
tables (4.4)7 (4.5), and (4.6). It will be seen that, in all cases, AD 
increases at first with increasing- h°, reaches a maximum at h°<3j£K^ , and 
then decreases, finally becoming zero at h°«olxlcT^ mole/l.
Since, in the pH region corresponding to this maximum, the AD
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values are significantly larger than the random experimental error involved
in optical density measurement, it may concluded that ion association
occurs in the present systems. The fact that with increasing pH, D tends
towards indicates that in each case, eQ is virtually equal to this
means that just as the lanthanum salicylate complex, the lanthanum 3-methyl,
lanthanum 5-chloro, and lanthanum 5-bromo salicylates are to he regarded
2+
as ion pairs of the type LaHL .
RESULTS AM) DISCUSSION
DETERIdMTIOH OP L> Aim D.,
______________ o 1
The quantities D and D^, for the three substituted salicylic acids 
were determined in exactly the same way as for salicylic acid i.e. using 
equation (4.27). This predicts that a plot of y = D°x against h°f^ should 
yield a straight line with a slope and intercept equal to Dq and ,
respectively.
The results of these calculations are summarised in tables (4*7)»
(4.8), and (4.9), where the values of Dq and found by /Ernst and Menashi
[31] at the same wavelength, are also given, It can be seen that the
standard deviations cr^  and are less than 2 thus indicating that
0 1
satisfactory precision has been attained. It is noteworthy that, just as 
in the case of salicylic acid, the present values of !D and differ 
significantly from those reported by Ernst and Menashi (loc. cit.). For 
reasons already explained in the treatment of lanthanum salicylate, the 
present values for Dq and have been employed, in preference to those 
of Ernst and Menashi, for the determination of the association constants 
for lanthanum 3-niethyl-, 5-chloro- and 5-bromo salicylates.
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Figures (4*10), (4.H) ? and (4*12) represent the plots of y s D°x 
against h°f^ for the three salicylic acids which show that in each case, 
the experimental points lie on a very good straight line.
PETEHMMTION OF THE ASSOCIATION CONSTANTS
Since, in all three cases* the limiting value of AD at sufficiently 
high pH values is zero, thus indicating that D is virtually equal to D-,,
Q JL
the association constants of these three ion pairs were determined by the
optimization procedure already described. It was found that, in all three
cases, the plot of the standard deviation q^  of 04against was very
similar to that observed for lanthanum salicylate and gave a well defined
minimum. The values of o< and D corresponding to these minima, and which
enable the experimental data to be best fitted into equation (4*23), sre
given in tables (4.I0), (4#ll), and (4.12). It can be seen that the values
of D agree reasonably well with the corresponding values of D1#
O JL
The results of these calculations are ...summarised in tables (4*10),,
(4.11), and (4.12). The standard deviation of each of these K values is : 
less than 2fo, thus indicating that also here satisfactory precision was 
attained. As no literature values for the three association constants appear 
to be available, no assessment of the absolute reliability of these results 
can be made. The plots of y ’ = (Ahx + T^K^)/c against x for the three ion 
pairs are shown in figures (4.13)> (4*14) > and (4.15)? from which it can 
be seen that the experimental points lie on very good straight lines.
The value of D , for each of these ion pairs, was also computed 
by means of equation (4.32). This predicts that a plot of y ,f - Ah(DQ-D^)
-ADT^ + D^c against c should give a straight line with a slope equal to D^.
-84-
The results of these calculations are summarised in tables (4.10), (4.1l)?
and (4.12). It will be noted that the values of D found by use of equationo
(4.32) are in very good agreement with those obtained from the plots of 
against D , The plots of y 11 against c are given in figures (4.16)?
(4.17)? (4.18). Again, it will be seen that very good straight lines 
.were ..obtained. _ __________________  ___  _________
the lanthanum 5- and 5-nitro
SALICYLIC ACID SYSTEMS
EVIDENCE FOR IOH ASSOCIATION
Experimental evidence for ion association in these systems was 
obtained using the same procedure as in previous cases. It will be 
remembered that a successful application of the procedure requires;
1. The choice of a suitable concentration of the ligand T_, .
L
2. The choice of a suitable wavelength, that is one, at which the 
pH variations of D°, D, and AD are the most pronounced and the values, of AD 
themselves are as large as possible. These conditions were found to be
best satisfied at X = 4I0mM- for lanthanum 3-nitro salicylate and at X = 390mM- 
for lanthanum 5-nitro salicylate, Figures (4.19) (4.20) represent the
absorption curves for the solutions of series A and B at the hydrogen ion 
concentration at which the AD values for the two systems, were found to be 
the largest. The variation of D°, D, and AD with h°, at the selected 
wavelengths, is given in tables (4.13) and (4.14). An inspection of these 
tables show that the lanthanum nitro salicylate systems differ from the
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previous cases, in two main respects. Firstly, in contrast to lanthanum 
salicylate, the value of AD at sufficiently high pH, tends toward a finite 
constant value and secondly, the value of AD, at "both very low and inter­
mediate pH values, is zero.
Since, the value of D cannot be directly deduced from the limiting
G
value of AD (AD^) as in previous cases, it would appear, at first sight, 
that the application of the optimization procedure, which requires a 
knowledge of a fairly accurate value of Dc, is not possible. However, as 
shown below, a rough assessment of Dq is possible by making use of the 
limiting value of D (d )^ and, in particular, of the properties of the AD 
cross-over point, that is the point at which AD changes sign.
ESTIMATION OF Dc
Some idea of the value of D may be gained from the limiting valueG
D^ which the optical density of an A solution reaches at a pH (pH^5), 
at which the dissociation of the first stage on ionization of the nitro 
salicylic acid is virtually complete but that of the second stage negligible. 
The optical density D^ of a solution of series A, at such a pH value, is 
given by
DL = ^H2L^Leo^ + ^Lel^ + •••(4*38)
where the subscript L denotes the limiting value of the quantities under 
these conditions. Since, [hol]tC^O and [HL~] jt* (Tt-ct ), equation (4«38)c- u h Jj Jj
becomes,
d l  = D i +  CL (V D1 )/TL- ...(4.59)
On rearranging equation (4.55)> it follows that
(^-DpAD.-np - cL / Tt, ...(4.40)
from which it can be seen that if the extent of ion pairing is large, Dt*2jD •
J.j G
An accurate value of could be deduced from the properties of 
the cross-over point if the value of Ah/c corresponding to this point were 
known accurately. This can be seen from equation (4.32) which, for 
AD = 0, takes the form
eti/o = ...(4.41)
or D = D.- —  (D.-D ). ...(4.42)v J. Q 1 U
On substituting for Ah/c from equation (4.22), into the last equation, we 
find
Do = ...(4*43)
Since, in the present case, at the hydrogen ion concentration of the cross-
2
over point, the term cxf-^  is negligibly small, equation (4.43) simplifies to
Dc = B1-xh°f:L2(B1-I)o)/(x2+T:].K1f12). ...(4.44)
Thus, D can be calculated provided h° is known. Unfortunately, only a 
rough estimate of h° at the cross-over point is possible. Ref ©arcing to
tables (4.13) and (4,14)» we see that these values are h = 4*29 x 10”
mole/l. for lanthanum 3“Uitro salicylate and h° = 3.34 x ICT^mole/l. for 
lanthanum 5-uitro salicylate. Substituting these values into equation (4*44) 
we find the values D = 0,356 for lanthanum 3-uitro salicylate and
G
Dc = 1.290 for lanthanum 5-uitro salicylate. Thus, to both systems, the 
following condition applies
B1 > D o > D o. *..(4,45)
This condition can be used to account for the pecularities of the variation 
of AD with h°, in the following way;
In very acid solutions,- that is at high values of h°, the degree 
of dissociation of the nitro salicylic acid (whether 3- 02? 5- ) is small
and very little ion pairing takes place; under these conditions. the optical 
densities of the solutions of series A and B will be virtually the same 
so that AD£bO. As the pH increases, the degree of dissociation of the 
nitro salicylic acid increases and consequently the extent of ion pairing 
also increases. Sinc^D^>Dc )> Dq and since,in addition, the concentration 
of HgL and HL~ in the solutions of series A are always smaller than those ; 
of the corresponding solutions of series B* I) is at first greater than D° 
and accordingly AD^CO. As the pH increases still further, AD decreases, 
passes through a minimum, and again becomes zero, At this point, the amount 
of complex formed in the lanthanum nitro salicylate solutions is large 
enough to bring down its optical density to that of the corresponding 
nitro salicylic acid solution. Beyond that point, the extent of complex 
formation in the lanthanum nitro salicylate solutions increases very 
rapidly with increasing pH and consequently its optical density falls' below 
that of the corresponding solution which contains nitro salicylic acid alone. 
At about pH 5, the first stage of ionization of the nitro salicylic acid 
is virtually complete and the extent of ion pairing reaches a maximum.
Beyond pH 5, further increase in pH therefore cam have no effect on either 
D° or 1^ and AD becomes constant,
DETERMINATION OE D and Dn o 1
These quantities for the nitro salicylic acids at the selected
wavelengths were found in exactly the same way as before i.e. by means
of equation (4.27). The results of these calculations are summarised in
tables (4*15) and (4.16), and the plots of y - D°x against h°f^, so obtained,
shown in figures (4*21) and (4.22). It will be seen that, in each case,
as the standard deviations and are less than the experimental
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points lie on a good straight line,
DETERMNATIOK OF THE ASSOCIATION CONSTANTS
op u m s m m .  5-. akd 5- nitro salicylates
In applying the optimization procedure to the determination of.: 
the association constants in the present case, the calculated values 
P =0.356 and P = 0.645 (l = 1cm.) for lanthanum 3-*» and 5- nit£o salicylsbesjO G
respectively, were used, (see page 95 )• It was found that, in each .case, the
plot of against Pq gave a well defined minimum. The values of D< and
P corresponding to these minima are given in tables (4*17) and (4*18). c
These show that, under favourable conditions, the procedure is capable of
determining association constants as small as 40, with a standard, deviation
less than yfa. An inspection of the plots of y ! = (Ahx + T^K^)/c against
x for the two ion pairs, shown in figures (4*23) and (4*24), indicate that
the experimental points lie on good straight lines.
The values of P , for each ion pair, was also computed by means of o
equation (4.32). The results of these calculations are given in tables
(4.17) and (4*18) which show that the values of P found by this means areG
in perfect agreement with those obtained from the plots of against P^.
The plots of y ,f = Ah(P -P.)-APT + P c against c, are given in figures
o  i .  l i  i .
(4.25), and (4.26). These show that in each case, the experimental points
lie on very good straight lines.
In conclusion, it may be said the optimization procedure appears
to lead to a satisfactory value for the association constant, providing
that the value of P is fairly accurately known beforehand.c
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the lanthanum salicyialdehyde systems.
The experimental evidence which we have obtained leads to the
conclusion that all the lanthanum salicylate ion pairs studied in the
34-present work, are formed through ion association between the La - and the 
HL ion and do not involve the phenolate group. Since, the values of the 
second dissociation constants of the salicylic acids employed in the 
present work, vary from lCf^ - ICf^ C^lJ, this type of behaviour is to 
be expected. It is possible, however, that the stability of these ion 
pairs is somewhat enhanced by ion-dipole interaction with the phenolate
34-group. The question now arises as to the conditions under which the La -
ion will interact with the phenolate group. That such interaction is
possible has already been shown by Postmus et alia [59], who studied ion
34-association between the La -ion and some substituted salicylaldehydes.
Nevertheless, to test the applicability of the optimization procedure to
these systems, it was decided to redetermine the association constants of
34-the ion pairs of the La -ion with the anions of some salicylaldehydes •
EVIDENCE POE ION ASSOCIATION
Evidence for ion association in the present systems, was found
by use of the procedure described in the case of the lanthanum salicylates.
Accordingly, two series of solutions, A and B, were prepared whose hydrogen
ion concentration ranged from h°S£; 1x10”  ^- 1x10"^ mole/l., for the La^+-
ion/saJLicylaldehyde system, and from h ° ^  1 x 1 -  IxlcT^ mole/l., for the
La^+-ion /3~, and 5-nitro salicylaldehyde systems. Just as in the cane
34-of the lanthanum salicylates, the concentration of La -ions in all solutions 
of series A was made much greater than that of the ligand so as to minimize 
the formation of ion pairs containing more than one ligand per metal ion
-113-
and thus, to satisfy the fundamental assumption underlying the optimization 
procedure. The absorption curves of these series of solution were then 
recorded as a function of pH. Some of the absorption curves obtained are 
shown in figures (4.27)~(4.29), (4.30)-(4*33)» and (4.34)-(4.37) for the 
La^’Vs&licylaldehyde and the La^+/3-» and 5-nitro salicylaldehyde systems, 
respectively.
It will be noticed that, in each case, the absorption curves of 
the solutions of series A (the La^+/salicylaldehyde systems) are very 
different from those of the corresponding solutions of series B 
(salicylaldehyde only). The differences observed are discussed in greater 
detail below,
THE pH DEPEKDEITCE 0? THE ABSORPTION CURVES 
OF THE Mim-I/dMV'Si^IGYLiibbErlYHE SYSTEM
The effect of varying the pH in the range 1-3 on the absorption 
curves of the solutions of series A, has been found to be negligible. In 
this pH range, the absorption spectra of the solutions of series A exhibit 
a single absorption band in the wavelength region 270-450m(u, with a maximum 
at X = 325ni|' Above pH=3* increasing pH has a very profound effect on the 
absorption curves of solutions of series A in that the absorption band at 
X = 325m!-i gradually decreases while a new band seems to appear at X = 380m|i. 
At about pH=7, the absorption band at X = 325^ has disappeared and the 
development of the new band at X = 38O2111 is virtually complete. Above 
pH=8, further increase in pH has no effect on the absorption curves of the 
lanthanum/salicylaldehyde solutions, This type of behaviour can be best 
explained by assuming that, at this stage, the exten- of complex formation
-114-
has reached a maximum. In fact, due to the large excess of lanthanum 
ions, under these conditions virtually all the ligand has been converted 
into complex? the absorption hand of the A solutions can thus be regarded 
as being characteristic of the lanthanum/salicjrlaldebyde ion pair.
Since, the dissociation constant of salicylaldehyde is relatively 
small (IC^  = 10 ), the effect of increasing the pH on the absorption
curves of solutions of series B is negligible up to about pH=6, In this 
pH range, the absorption curves of these solutions also exhibit a single 
absorption band at X - (see figure (4.27)). From about pli=6 onwards,
considerable changes in the absorption curves of the B solutions take 
places the absorption band at X - 325m(-L gradually disappears while a new 
band appears at X = 380mn. Above pH--lQ the absorption curves consist of 
a, single band at X = 380mp, which does not change with further increase 
in pH. For the sake of comparison , the absorption curves of an A solution 
at pB=£* and of a B solution at pH.=13, are shown in figure (4.29), Although 
the single absorption bands exhibited by the two types of solution have 
maxima at the same wavelength (x = 380niji), the band for the A solutions 
is considerably higher than that of the B solutions. Since the pH variation 
of the optical density of the A series of solutions was the largest at 
A = 380my, this wavelength was adopted for the study of ion association 
in the La"/+-/salicylaldehyde system. The variation of B°, D and AD at 
this wavelength is given in table (4*19)#
The fact that the absorption maximum, for both the salicylaldehyde 
anion and the lanthanum-salicylaldehyde system, occurs at the same wave­
length seems to indicate that complex formation occurs here, through ion 
association. The large difference in the heights of the two absorption bands, 
also suggests that the La^+-/salicylaldehyde ion pair should be .considerably
-115-
more stable than the ion- pair of the lanthanum salicylate system. It is 
rather surprising that Posterns et alia [59]? who also studied the lanthanum/ 
salicylaldehyde system, made no mention of the appearance of the charoctedstlc 
absorption band of the La^+/salicylaldehyde ion pair.
PEE pH DEPENDENCE OF THE ABSORPTION CURVES OP THE
MTMHJM/5-, AED 5-NITRO SALICYL/iLDEHIDE SYSTEMS
The pH dependence of the absorption curves for both series of 
solutions in the present case, was found to be essentially the same as 
that observed for the lanthanum/salicylaldehyde system. In both cases, 
the limiting absorption bands of the ion pairs observed at sufficiently 
high pH values, (pH "^ ■'6), were considerably higher than those of the 
corresponding absorption bands of the anions. However, in contrast to the 
La^+-/salicylaldehyde system, the maxima of the limiting absorption curves 
of the ion pairs did not coincide with those of the corresponding anions : 
but were found to be shifted by about 20m|~i towards shorter wavelength 
(see figures (4*33) and (4»37))» The wavelengths at which these maxima 
occur were adopted for the determination of the association constants of 
these ion pairs. The variation of D°, D and AD, for the two systems at these 
wavelengths are given in tables (4.20) and (4.21).
PETERI'HMTIOH OP D AKD IL o 1
Por both 5- and 5-nitro salicylaldehyde, the quantities and 
were found in the usual way, that is, by means of equation (4.27). The 
results of these experiments are summarised in tables (4.22) and (4.23).
ABSORPTION CURVES FOR THE U M i m m V
, SALICYLALDEHYDE SYSTEM
LEGEKD
Tt = 1.031 x 10~4 mole/l.L
T„ = 1 x 10“2 mole/l.
I = 0.1 
SI ss 4 cm.
- - - ~ ------Series A
 --—— — - Series B
FIGURE 4.27. h° = 6.714 x 10”4 mole/l.
FIGURE 4.28. h° = 4.187 x 10~5 mole/l.
Series A pH*v.8.
FIGURE 4.29^
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ABSORPTION CURVES FOR THE LAMARUM/ 
5- NITRO SALIOYMLDEHYRE SYSTEM
W M D
T^ s= 4*653 x 10“5 mole/l. 
o
T^ = 1 x 10” mole/l.
I » 0.1 
£ es 2 cm.
- - - - - - - -  Series A
~Serie s B
FIGURE 4.50. h° = 5.015 x 10~4 mole/l.
FIGURE 4.31. h° = 2.407 x 10~4 mole/l.
FIGURE 4.32. h° s= 1.444 x 10~4 mole/l.
o —6^Series A, h - 8.61 x 10~ mole/l.
FIGURE 4.33J
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ABSORPPION CURVES OP THE M H A l l /  
. 5- NITRQ SALICYLimSHXDE .SYSTEM
IEGEMD
Tl « 1.074 x 10~4 mole/1.
TM = 1 x 10"2 mole/l.
I = 0.1 
£ = 1 cm.
- - - - - - - -  Series A
— ■— — —— *“ *—  Series 3
FIGURE 4.34 h° = 4.005 x 10~4 mole/l.
FIGURE 4.55 h° = 2.214 x 10“4 mole/l.
FIGURE 4.56 h° = 1.623 x 10~4 mole/l.
,Series A h° « 1.424 x 10  ^mole/l.
FIGURE 4.37.I
'Series 3 pH 'X/13
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Judging by the standard deviations and cr^  and also by the plots of y =
o o 2 o 1
D x against h f^ shown in figures (4«38) and (4»39)> the precision attained
here is seen to be good.
Since, as already mentioned, the dissociation constant of
salicylaldehyde is relatively small, the determination of Dq and for
this ligand by this means would require the use of suitable buffers. For
this reason, it was decided to determine these quantities directly by
measuring the optical density of salicylaldehyde in sufficiently acid
solution and in sufficiently alkaline solution,respectively. The values
of Dq and D^, so obtained, are given in table (4.24).
BETEItMMTT OK OF THE ASSOCIATION CONSTANTS OF
THE La^+-/SALTCYLALhEHYhE SYSTEM ION PAIRS 
BY MEANS OF TI1E OPTMZATIOK PROCEDTIRE
On the basis of the cases studied so far, it appears that a
successful application of the optimization procedure requires a knowledge
of a fairly accurate value of D . Since, no direct information regarding
the magnitude of D was available in the present cases, it was decided o
to employ for this purpose, the highest D values (hj) at the selected
wavelengths. Accordingly, the value of Dc was varied around the value of
and the standard deviation of£X (cr^  ), corresponding to any given value
of Dc, calculated. In all three cases, however, the plots of cr^ against
these trial values of D failed to show a minimum from which the bestc
values of<* and could be obtained.
In view of this failure, a new procedure for determining association 
constants was developed. The theoretical basis of t'lis procedure is 
discussed in the following section.
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APPRQXIMATIOK PROCEDURES, FOR. THE DKPERMIUATION 
OF AS S PCIATIOIT COHSTAHTS
In the following discussion the symbol HL will he used to represent
the salicylaldehydes. Under the experimental conditions employed, ion
34-pairing between the La -ion and the anion of the salicylaldehydes can 
thus be represented by the equation
La5* 4- L~ LaL2*. ...(4.45)
34-Since, in the process of associating with the La -ion, the salicylic acids 
act as mono-protic acids, all the equations derived for these systems are 
applicable in the present case after suitable modification. Thus, the 
thermodynamic association constant for the La5*-/salicylaldehyde ion pair 
is defined by
K = cf 2/TjJ] L*~] f-j_f ^ t ..#(4.4^)
and. the concentrations of L and HL being given by
[iT] = (Tk-c^/CJtj+hq2), ...(4.47)
[hl] - (TL-o)hf12/(K1+hf12). ...(4.48)
On substituting for [l~] from equation (4*47) into equation (4.46) and 
rearranging we get
c  =  ^ ^ / [ ^ ( E T j j + P j + P h f ^ ] .  . . . ( 4 . 4 9 )
As the pH increases indefinitely, that is, as the hydrogen ion 
concentration tends toward zero, the above equations simplify to
cL = ra^AKTjj+F), ... (4.50)
[l"]l = Tl-ol, ...(4.51)
[hlJl sS'0, ...(4.52)
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the subscript L, refering to the limiting values of these quantities, 
reached at sufficiently high pH values.
Since, under these conditions the concentration of HL is seen to 
be vanishingly small, the limiting value of the optical density of solutions 
of series A is given by
H  = ^ L~kei® + 0Lec^ ...(4.53)
On substituting for [l J^and c^ from equations (4.51) and. (4.50), 
respectively, equation (4»53) becomes
M
The last equation forms an essential part of the new procedure 
developed for the spectrophotometric determination of association constants 
of ion pairs. Some idea about the usefulness of this equation can be 
obtained by considering it under various conditions.
1. When Dl - and consequently the limiting value of AD (AD^) 
zero, the equation simplifies to D = I)T, This type of behaviour was observed
O  Jj
in the case of lanthanum salicylate and lanthanum 5“bromo, lanthanum 5“ 
chloro and lanthanum 5-bromo salicylate.
2. The condition also obtains for values of K sufficiently
large to make the second term negligibly small compared with DT, It will
1j
be seen later that this condition is indeed satisfied in the case of the 
lanthanum/salicylaldehyde system.
3. Inspection of the equation also shows that, in some cases, it 
should be possible to reduce the value of the second term by increasing
the concentration of lanthanum as much as possible. However, the usefulness 
of this procedure is limited by the requirement of maintaining the ionic 
strength of the solutions at I ** 0.1.
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The validity of this equation can also he tested by calculating 
from it the values of D^, for the two lanthanum nitro salicylate ion pairs, 
For this purpose, the abo.ve equation can be written in the form
Do = d l  - _ J L _  (a d t ), ... (4.55)
ET„M
where AD^ is the limiting value of AD, at sufficiently high pH. On 
substituting for DT, ADT, and K, the values given in tables (4.13) and
Jj 1J
(4.17)» (4*14) and. (4*18), the values D = 0^386 and D = 0.448 3X0c c
found for the lanthanum 3~> amd 5-nitro salicylate^ respectively, in fairly 
good agreement with the values calculated by the optimization procedure .
There are a number of ways in which equation (4*54) c,an be employed 
in developing an iteration procedure for the spectrophotometric determination 
of association constants of ion pairs. The simplest way of utilizing this 
equation is to incorporate it into the optimization procedure after suitable 
modifications. Accordingly, an iteration procedure was developed involving 
the following steps*
First a reasonable value for F/KT^ is assumed and a rough value 
of Dq is obtained by means of equation (4.54). The latter value is then 
used to compute Ah and c values for the experimental solutions, using 
equations (4.21) and (4.31)5 respectively. An improved value if F/KT^ is 
then obtained by means of equation (4.23), that is, by plotting y=(Ahx+T^ V / o  
against x, calculating the slope by applying the method of least squares.
The improved value of F/KT^s introduced into equation (4.54) and a new 
cycle of approximations started. The process of successive approximations 
is continued until the values of F/KT.. found' from, two successive cyclesi'-i
agree to within ± 0,01$.
This procedure, (which we shall call iteration procedure No.l), 
was programmed in terms of the algol code and all calculations were carried
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out using either an Elliot 503 an I.B.M. 1905E computer. A scheme for
the evaluation of the standard deviation of the association constant was 
also incorporated into the program. The flow diagram showing details of 
the program is given in the appendix.
Before proceeding to the discussion of the application of this 
procedure, a few remarks about the general principles underlying approx­
imation methods seem to be in order.
Iteration methods have been widely used in the determination of 
the dissociation constants of weak acids, association constants of ion 
pairs, and stability constants of complexes [ 105, 108, 2ll The essential 
condition for the successful application of any iteration process is the 
judicious choice of the starting value for the process of successive 
approximations.
There are a number of conditions which must be satisfied in order 
for the process of successive approximation to converge. A succinct 
account of the general principles -underlying approximation procedures and 
their limitations can be found in n Handbook of Numerical Methods for 
Solutions of Equations”, by V.L.Zaguskin, [114],
EVALUATION OF THE ASSOCIATION CONSTANTS OF THE 
La5+-/SALICYLALDEHYDE AND THE La5+-/3-,
AND, 5-KITRC SALICYLALDEHYDE ION PATHS 
USING ITERATION PROCEDURE No.l
Although the intense absorption bands found, in the present work, 
for these three ion pairs suggested that their association constants are 
considerably higher than those reported by Postmus et alia C 59^1 > it was 
decided to employ the latter values in starting the iteration procedure.
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However, it should he mentioned that in calculating the association 
constants of these ion pairs, thesejauthors ignored the activity coefficient' 
of the ion pair and of the La5*-ion. Tables (4.24), (4.25), and (4*26) 
give thes^authors values after correcting for these activity coefficients.
In all three cases, the iteration process was found to converge 
repidly towards a definite value of K, The results of these calculations 
are summarised in tables (4.24), (4.25), and (4.26). The results are also 
illustrated in figures (4.40)? (4»4l)> and (4*42) which show the plots of 
y* = (Ahx + Tt
JLl
from the tables that in all three cases, the standard deviation of the
association constants is less than 3 thus indicating that satisfactory
precision has been achieved. It will be noticed that there is very good
agreement between the present value of the association constant of the
La5+-/5-nitro salicylaldehyde ion pair and that reported by Pontmus et
alia and only fair agreement in the case of the La5+-/3~nitro salicylaldehyde
ion pair. There is, however, no simple explanation for the inordinately
large difference between the present value of the association constant of
the lanthanum/salicylaldehyde ion pair. It is possible that in determining
the association constant for this ion pair, the authors worked at a pH
•“8 ?7range (pH^ 4)» which in view of the small dissociation constant (lcf ) 
for the salicylaldehyde, is much too low for any reliable pH variations 
of the optical density to be observed.
However, to verify the results obtained by iteration procedure 
No. 1, and also to simplify this procedure, it was decided to explore 
other possible iteration processes. The results of these considerations 
are given in the following sections.
K_)/c against x, for the three ion pairs. It will be seen
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ITERATION PRQCSDITRE No.2.
Both the optimization procedure and the iteration method No.l, 
make use of the optical density measurements carried out, not only on \ 
solutions of series A but also on those of series B. To simplify the 
iteration process a new procedure was developed which, apart from the 
quantities and 3)^ , relies solely on the optical density measurements 
carried out on solutions A* Por this, purpose, an expression relating the 
concentrations of the, complex directly to the optical densities of the 
solutions A was derived as follows:
The optical density of solutions of salicylaldehyde of series A 
is given by
D/Tl = D [HL] + L~] + Dcc. ...(4.56)
Upon substituting for [iT] from equation (4*47) and remembering
that
Tl = [hl] + [l ] + o, ...(4.57)
equation (4.56) becomes,
(D-Do)Tl - ° ~  ( V V  + (W ] • —  (4'58>
Combining this equation with equation (4*54) and rearranging we 
finally obtain
O = (d-do)tl/[(dl-do)(i+p/ktk)]. ...(4.59)
Por the purpose of computing the association constant of a given
ion pair, a reasonable value of P/KT^ is first assumed, and the corresponding 
concentrations of the ion pairs of the experimenta,l solutions calculated 
by means of the last equation. The approximate values of c, so obtained, 
are then used to evaluate the values of Ah from equation (4.21). Next, a
- 150-
better value of P/KT^ is found by means of equation (4.23), that is, by 
plotting y ’ = (Ahx + T^K^)/c against x and measuring the slope of the plot, 
so obtained, with the aid of the method of least squares. A second cycle 
of operations is then started using the so improved value of F/KD^. The 
process of iteration is continued until the values of F/l<T^  found from 
two successive cycles agree to within - 0.01%.
This procedure was programmed in terms of the algol code and all 
calculations were carried out using an I .P.M. 1905F computer* A scheme 
for the evaluation of the standard deviation of the association constant 
was also incorporated into the program* The flow diagram showing details 
of the program is given in the appendix*
In all three cases, the process of iteration was successfully 
completed leading to definite values of the association constants. The 
results of these calculations are summarised in tables (4.27),(4*28), and 
(4.29). Plots of y ’ « (Ahx + TjX^)/c against x, based upon these results, 
gave very good straight lines, which are not shown here as they are 
virtually identical with those obtained by the use of iteration procedure 
No.l, It will be seen from the tables that the values for the association
4
constants found by means of iteration procedure 2 are in excellent agreement 
with those obtained by iteration procedure No.l. It appears, therefore, 
that the present values for the lanthanum/salicylaldehyde ion pairs are
U- L.
correct and consequently, that* of Postmus et alia for the lanthanum/ 
salicylaldehyde ion pair itself is in error.
However, in order to test the reliability of the present values 
for the association constants of lanthanum/salicylaldehyde ion pairs still 
further, a third iteration process was evolved. Like the second iteration 
process, this also makes use of the properties of solutions A alone,
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(apart from 'D and D^), but differs from the former in that it replaces 
the quantity Ah by h.
ITERATION PROCEDURE Ho.5 
In the present case, the electroneutrality condition takes the
form
respect to h, enables the evaluation of h provided c is known.
In developing the new iteration procedure use was made of the 
last equation together with equation (4.59) and equation (4.49)> which 
for this purpose was put into the form
should be obtained with aslope equal to F/KP^.
Just as in the previous case, the iteration procedure is started by
These approximate c values are then used to evaluate the corresponding 
values of the hydrogen ion concentration of the A solutions from equation 
(4,61). Next, an improved value of E/KT^ . is found by means of equation
the slope of the plot, so obtained, with the aid of the method of least 
squares. The so improved value of E/KT^ is then used to start a second
h = (a-b) + c + [l“], (4.60)
which in view of equation (4*47) becomes
It can be seen that equation (4.61), which is of the second order with
(Tjrc)/c = (F/ETm) (l+hf^/K^. .. .(4.62
2
Hence, if y = (T^-c)/c is plotted against 1 + hf^ /K^, a straight line
assuming a reasonable value of E/KT^ and calculating the concentrations 
of the ion pairs in the experimental solutions by means of equation (4*59)*
(4.62), that is, by plotting y = (T^-c)/c against 1 + hf^ /K^ and measuring
-155-
cycle of approximations. The process of iteration is continued until the 
values of P/KT^ found from two successive cycles agree to within - 0,01°/o, 
This procedure was programmed in terms of the algol code and all 
calculations were carried out using an I.3.M. 1905E computer. A scheme 
for the evaluation of the standard deviation of the association constant 
was also incorporated into the program. The flow diagram showing details 
of the program is given in the appendix.
The results of these calculations are summarised in tables (4«30) 
(4.51), and (4.32), and illustrated in figures (4.43)> (4*44)* and (4.45)•
It will be seen from the tables that, with the exception of the La^+/ 
salicylaldehyde ion pair, all the results are in excellent agreement with 
those found by iteration procedures 1 and 2. However, the association 
constant found for La^+/salicylaldehyde ion pair by iteration procedure No.3 
is about IQffo higher than that obtained by iteration procedures 1 and 2.
All attempts to trace this discrepancy to errors in programming or in the 
paper tape which records the experimental data have failed.
THE mmhlM/4-HYTROXY BSEZALDEHYDE SYSTEM
Of all the ion pairs studied so far, the La^+-/salicylaldehyde
ion pair is the most stable, The high stability of this ion pair may be
3+ascribed partly to the strong ionic interaction between the La -ion and
3+the salicylaldehyde anion, and partly to the La -ion chelating through 
ion-dipole interaction with the oxygen atom of the aldehyde group. Eor 
the purpose of testing the latter possibility, ion pairing in the La')+- 
ion/4-hydroxy benzaldehyde system, in which such ion-dipole interaction 
is not possible, was studied.
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EVIDENCE FOR I OK PAIRING IN THE La^+-IQN/4-HmOXY 
BEHZALDEHYDE SYSTEM
To obtain evidence for ion pairing in this system, the experimental
procedure used in all previous cases was applied. Accordingly, absorption
curves for both A and B types of solutions were measured as a function of. pH.
A pair of absorption curves, obtained at pH^ 8, is shown in figure (4.46)*
It was found that over the pH range 3-7 j "the absorption curves of solutions
A coincide with the absorption curves of corresponding solutions of series
B. From pH=7 onwards, however, slight differences in the two types of
curves were seen, thus indicating that some ion pairing occurs. However,
attempts to obtain the limiting absorption curve of the A solutions by
increasing the pH failed, as at pH-8.25 lanthanum oxide started to
precipitate from the solution.
Since, not even an approximate value for D^ was known and since,
the AD values observed, even under the most favourable conditions, were
small, the determination of a reliable value for the association constant:
m,+was not possible. This type of behaviour indicates that the la'' -/4-hydroxy 
benzaldehyde ion pair is considerably less stable than that formed by the 
La" -ion with the anion of salicylaldehyde. Since,both acids have 
approximately the same dissociation constant, it appears that in the 
La-*’1"-/salicylaldehyde ion pair, some ion-dipole interaction of the La^+-ion 
with the oxygon atom of the aldehyde group occurs.
THE M M I M / B E H Z O I C  .ACID SYSTEMS 
It was mentioned earlier that ion-dipole interaction between the
3+La -ion and the phenolic group may have a. stabilizating effect on the 
lanthanum salicylate ion pairs. Although, judging by the magnitude of the
.163
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association constants of these ion pairs this effect cannot be very large,
nevertheless, it was decided to investigate it by studying ion association 
3+of the La -ion with the anions of some benzoic acids. For this purpose, 
benzoic a.cid and 4-hydroxy, 3“hromo, 4-nitro benzoic a,cids were selected.
EVIDENCE FOR I OF ASSOCIATION IF THE
m nthanum benzoate systems
To obtain spectrophotometric evidence for ion pairing in these 
systems, the experimental procediire used in all previous cases was applied. 
Accordingly, for each system, two series of solutions, A and B, were 
prepared. As the di sociation constants of all these acids are about 10 
the hydrogen ion concentration of these series of solutions was varied 
from- 1 x 1 0 ^ - 1 x 1 0 ^  mole/l. The absorption curves of these solutions 
were then recorded as a function of pH. A set of typical absorption curves 
observed for each system, is shown in figures (4.47)? (4*48)? (4«49)> and 
(4# 50), respectively. The wavelengths at which the pH variation of D°, D 
and AD are the most pronounced and the values of AD themselves are as large 
as possible were chosen for the study of ion association in these systems.
The wavelengths, so selected, are given in tables (4»33)> (4•34)? (4»35)» and 
(4.36). These tables also show the variation of D°, D and AD ab the 
optimum wavelength for these systems. It will be seen that in the ca,se 
of lanthanum 4-nitro benzoate, in the pH range 2,5 - 4«5> AD increases 
rapidly with increasing pH, Beyond that pH range, the rate of increase 
of optical density with pH slows down and by about pH 5-6, AD attains a 
constant finite value. Very similar behaviour to this was also observed 
with lanthanum 4-hydroxy benzoate except that as tie second stage of 
ionization of the 4-hydroxy benzoic a,cid starts to occur beyond pH^6.5,
-165-
the direct measurement of b^ was not possible. However, as the value of 
Ab was found to be constant over the pH range 5-6, this value of Ab was 
assumed to be numerically equal to AbT and the quantity bT was estimatedL ii
from the relationship
Dl = Dj - ADl. ...(4.63)
The variation of Ab with h° observed for lanthanum benzoate and
lanthanum 3-bromo benzoate differs from that found for the other two lanthanum
benzoa,tes, in that, the value of Ab changes sign at an intermediate pH?value.
This type of behaviour is similar to that observed previously with the
lanthanum nitro salicylates. The values of the hydrogen ion concentration
at which the values c ? Ab change sign, were used 'to estimate the values
of bQ for lanthanum benzoate and lanthanum 3-bromo benzoate by means’ of
equation (4*44) • The values of b , found in this way, were b. .« 0 . 603o c
for lanthanum benzoate and b - 0 • 753 for lanthanum 3“^ omo benzoate.o
Since, the values of Ab observed with all the lanthanum benzoates. 
studied in the present work, are significantly larger than the error 
associated with optical density measurements, it may be concluded that 
ion association occurs also here.
HEHEPJOTATIOIT OP b AND b-,
; _ _ _ 0 1
The quantities b^ and b^ at the selected wavelengths for the present 
systems, were found in the usual way, that is, by means of equation (4.27). 
The results of these calculations are summarised in tables (4.37)> (4*38)» 
(4.39) and (4»40) and illustrated in figures (4*51)> (4*52), (4*53)> and 
(4.54)« Since,the standard deviation of both bQ and b^, in each case, is 
less than 2/o, the precision attained in this work must be regarded as 
satisfactory.
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DETEBI-IIMTION OF THE ASSOCIATION CONSTANTS 
OF THE L m M A K m  BENZOATE ION PAIRS BY 
MEANS OF THE OFJIMZATION PROCEDURE
As seen in the case of the Le?+-/salicyl aldehyde system, 
the optimization procedure is not generally valid, and the results obtained 
by this procedure should be treated with ca.ution. Nevertheless, an 
attempt to evaluate the association constants of the present ion pairs 
by this procedure was made.
In applying the optimization procedure to the determination of the 
association constants of lanthanum benzoate and lanthanum 3-bromo benzoate, 
the values of D , calculated an the basis of the cross-over point, wereQ
used. Since, no direct information regarding the magnitude of D wasc
available in the case of lanthanum 4-hydroxy and lanthanum 4-nitro benzoate,
the values of at the selected wavelengths wsce employed for the purpose
of the optimization procedure. Accordingly, the value of I) was variedo
around these trial values of D and the standard deviation of (X, G ,C Os.
corresponding to any given value of calculated, It was found that,
with the exception of lanthanum benzoate, in ea.ch case the plot of
against these trial values of D gave a well defined minimum, A summaryo
of these calculations is given in tables (4.4l)» (4*42), and (4.43)? which
also show the values of <x and D corresponding to these minima. In eacho
case, the standard deviation of the association constant is less than 2fof
thus indicating that satisfactory precision was here attained. It will
also be seen that the value of D found for lanthanum 3-bromo benzoatec
is in reasonable agreement with that obtained from consideration of the 
cross-over point. The plots of y  = (Atoc + I ^ J / o  against z for these 
three ion pairs are shown in figures (4*55)> (4*56)» (4«57)> from
-183-
which it can he seen that the experimental points lie on very good straight 
lines.
The values of Dq for these ion pairs were also computed hy means
of equation (4.32). The results of these calculations are given in tables
(4.4I)t (4.42), (4.43)» which show that the values of D found by thiso
means (D X) are in very good agreement with those obtained from the plots of o
against IN. The plots of y" = Ah(Dq-D^)-ADT^+D^c against c (not given
here) show that the experimental points lie on very good straight lines.
In the case of the lanthanum benzoate ion pair, however, the plot
of against D failed to show a minimum from which the best values <X 0 c
of «3<and b could be obtained. Use of the value of D , obtained from c c
consideration of the cross-over point, in the optimization procedure leads
2
to a value of 5.22 x 10 for the association constant for this ion 
pair which, as will be seen later, is in only poor agreement with that 
found by means of the iteration procedures 2 and 3* In view of the 
failure of the optimization procedure in tliD present case, an attempt to 
evaluate these association constants by the three iteration methods 
was made.
-WALMTIOII OF THE ASSOCIATION CONSTANTS 
OF THE LANTHANUM BENZOATE ION PAIRS
USING THE ITERATION PROCEDURES 
ITERATION PROCEBURE No.1.
In applying the first * iteration method to the evaluation of 
the association constants of the lantnanum benzoate ion pairs, only 
partial success was achieved. The iteration process failed to converge
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in the case of the lanthanum benzoate and lanthanum 4~&itro benzoate ion
pairs, in spite of the fact that the initial value of P/KT^ was varied
over a wide range.
On the other hand, the iteration process was found to converge
rapidly in the case of the lanthanum 4-hydroxy benzoate ion pair and gave
the value 281 for the association constant with a standard deviation of
~jfo. The results of these calculations, in which no difficulties regarding
the starting value of P/ET^ were encountered, are summarised in table
(4,44) and illustrated in figure (4*58).
The case of the lanthanum 3-hromo benzoate ion pair is interesting
in that it stresses the importance of a judicious choice for the starting
value of P/KT-vr. Here, convergence was reached only after the initial
value of P/ET^ j was pinpointed to the third decimal place. The results
for this ion pair are presented in table (4.45) and. illustrated in figure
(4,59). It will be noticed that the values for K, found by this means,
are much less than those obtained by use of the optimization procedure.
Thus, it appears that even when results are obtained by the
optimization procedure, they cannot be regarded as reliable, unless the
calculated value of D agrees reasonably well with that found experimentally,o
or by other means.
The failure of the first iteration method in the case of the
lanthanum benzoate and the lanthanum 4-nitro benzoate ion pairs, suggests
that the choice of a suitable value for starting the iteration process
is not the only condition that must be satisfied in order for a given
approximation method to be successful. The second condition is concerned
Ow-l
with the properties of the matrix^which consists of the partial derivatives 
of the functions underlying a given approximation procedure and will be 
discussed in greater detail in the Conclusions.
-191-
ITERATION PHOCEDURES 2 AND 5
Since,the application of these iteration procedures leads to 
virtually the same results for the association constants, it will be 
convenient to consider them together. Just as the.first iteration 
procedure, these methods failed in the case of the lanthanum 4-nitro 
benzoate ion pair but were successful in the remaining cases. The results 
of the calculations obtained by the two procedures are summarised in 
tables (4*4^) - (4.5l) from which it can be seen that the values obtained 
by the two methods agree very well with one another. The poor agreement 
between the value of the association constant for lanthanum benzoate 
obtained on" the basis of the cross-over point and the latter values, is 
clearly due to the difficulties of correctly assessing the hydrogen-ion 
concentration at that point.
Plots of y* = (Ahx + Tt3L)/c against x, based on these resultsJj x
for iteration procedure No.2, gave very good straight lines. Only the 
plot for lanthanum benzoate is given here (figure (4 ,60)), as those obtained
for lanthanum 4-hydroxy and lanthanum 3~hromo benzoate are virtually
identical with the plots found by use of iteration procedure No.l. Plots
of y = (t t-c)/c against 1 + hf^ /K_^ , based on the results for iteration
procedure No.3, also gave good straight lines, and are shown in figures
(4.61) - (4.63).
APPLICATION OF TUB ITEPJLTION PROCEDURES 
TO THE LANTHANUM SALICYLATE ION PAIRS
To test the reliability of the iteration procedures still further, 
they were applied to the recalculation of the association constants of 
the lanthanum salicylate ion pairs. The results 01 the calculations are
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summarised in table (4.52) which gives the values of I) , the associationo
constants and the corresponding standard deviations. It can be seen that 
in the case of the lanthanum salicylate, and the lanthanum 3-niethyl, 
lanthanum 5-bromo and lanthanum 5-chloro salicylate ion pairs, all iteration 
methods yield results which agree not only with one another but also with 
the results obtained by the optimization procedure.
However, all three iteration procedures failed completely in the 
case of the lanthanum 5-nitro salicylate ion pair, while in the case of 
the lanthanum 3-^itro salicylate ion pair only iteration procedure Ho.l, gave 
a result; this is about 10% lower than that obtained by use of the 
optimization procedure. It is interesting to note that here, convergence 
occured only after the value of F/ET^ had been pinpointed to the second 
decimal place. The case of the lanthanum salicylate ion pairs again 
illustrates the importance of the two conditions for a successful application 
of iteration methods 5
1, The choice of a suitable starting value for the iteration 
procedure.
2. Suitable form of the equations which underlie the iteration 
procedure.
-207-
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To assess the significance of the results obtained, it will be 
convenient to recapitulate the main objectives of the present work, as 
set out in the introductions
1* To s-fcudy the efficacy and usefulness of spectrophotometric
measurements in determining the association constants of complexes formed 
3+by the La -ion with anions of weak acids.
2, To investigate substituent effects and the correlation of the 
stabilities of the metal complexes to those of the corresponding proton 
complexes.
The extent to which these objectives have been realised in the 
present work, will become apparent from the following discussion.
REVIEW; Off TUB SPECTRQPHOTQITITRIC I4ETII0DS 
FOR DETEHfflMKx ASSOCIATION CONSTANTS 
DEVELOPED IK THE PRESENT WORK
All the procedures evolved in the present work for the determination 
of the association constants, rely on spectrophotometric measurements 
alone. It will be remembered that an essential feature of the experimental 
method adopted for this purpose, is the comparison of the absorption curves 
of a pair of corresponding solutions, one ox which contains both the 
ligand find the metal ion?and the other the ligand only. This method is 
very effective in detecting ion association, provided that the optical 
density of the experimental solutions is measured over a sufficiently 
vide wavelength range for significant differences in the two absorption 
curves to be observed.
Another important condition for the successful application of this 
procedure, is O judicious choice of the concentration of the metal ion
-210-
T^, that of the ligand T^, and the wavelength. To maximize the extent
of complex formation and, at the same time, to minimize the formation
of complexes containing more than one ligand per metal ion, it is important 
3+that the ratio La -ions ligand in the experimental solutions, he as
large as possible.
In some cases, e.g. lanthanum salicylate, the method enables the
value of D to be estimated from the plot of AD against h°, with a fair 0
degree of accuracy. If such is the case, it is possible to calculate
directly sn approximate value of the association .constant from:equations (42L^
(4.3l) and (4.23). Sometimes, a rough value of D can be obtained byc
making use of the cross-over point exhibited by the plot of D° and D
against h°. This type of behaviour was observed with the lanthanum nitro
salicylates and lanthanum benzoate and lanthanum 3-Lromo benzoate. In
general, however, no direct information about D can be obtained from
the variation of AD with h°. In such cases, it is necessary to resort
to equations (4.54)» (4*2l), (4«3l)> and (4.23) which relate DT to DJj c
and K.
It is possible to compute the association constant of a given ion 
pair using the data obtained for both series of solutions, (A and B); such 
treatment of data is employed in the optimization procedure and the first 
iteration method. Alternatively, the association constants of the ion 
pairs can be evaluated by using only the data associated wxth the solutions 
of series A. Such treatment of data lies at the basis of the second and 
third iteration methods. In view of the difference in the treatment of 
the experimental data, some discrepancy between the results found by the 
optimization and first iteration procedures on the one hand, and the second 
and third iteration methods on the other, is to be expected. For convenience,
the values of the association constants obtained in the present work 
by the various methods are summarised in table (5#l).
The results obtained from the optimisation procedure indicate that 
the method has serious limitations, in that, it requires a knowledge of 
a fairly accurate value of D . However, even if such is the case, the
G
results obtained by this method cannot be regarded as being reliable., 
unless the calculated value of 3) agrees reasonably well with that foundG
experimentally, or by other means. As already seen, this condition is 
satisfied in the case of all the lanthanum salicylate ion pairs.
Consequently, the values obtained by this method for the association 
constants of these ion pairs can be treated with confidence. The reliability 
of these values is also enhanced by the fact that, with the exception of 
lanthanum 5-nitro salicylate,they all agree very well with the values 
obtained by the iteration methods.
The optimization procedure leads also to definite values for the 
association constants of lanthanum 4-hydroxy and lanthanum 3-bromo benzoate 
which however, differ considerably from those found by the thiee iteration 
methods, and have thus to be rejected. In the absence of confirmation 
from any of the iteration procedures, the value which the optimization 
procedure yields for lanthanum 4-ftitro benzoate must be also considered 
as suspect.
The optimization procedure totally fails xn the casj of the
lanthanum/salicylaldehyde and benzoic acid systems, in that, for each
case the plot of against Dq showed no minimum, which, could be used
to evaluate the best values of D and K,c
As already- mentioned, one of the fundamental conditions for a 
successful application of the approximation procedures, is that the
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starting value of F/EF^ should he as close to the true value as possible.
Just how precarious the choice of a suitable starting value for the 
iteration process may become, can be illustrated by the application of 
the iteration procedure No.l. to the case of 3antlianum 3“do?omo benzoate.
Here, the iteration process fails to converge if the starting value of 
P/K3?k is greater than 3*04 02? less than 3 *03* However, convergence is 
attained after only one cycle if the starting value is equal to the 
average value of these limits.
Even if the condition regarding the choice of a suitable starting 
value is satisfied, the iteration process may still fail to converge 
unless a second condition is fulfilled. According to Zaguskin [114] this 
condition requires that the sum of the elements of every row and every 
column of the matrix consisting of the partial derivatives of the functions 
underlying the approximation procedure, be less than unity. In the 
present work, failure to converge has been observed in the case of 
lanthanum 5-nitro salicylate with iteration procedures 1,2,and 3* lanthanum 
3-nitro salicylate with iteration procedures 2 and 3* lanthanum benzoate 
with iteration procedure 1 and lanthanum 4-nitro benzoate with iteration 
procedures 1, 2, and 3» (see table 5*l)» Since,in all these cases, the 
starting value for the iteration process was varied over a very wide range, 
the conclusion must be drawn that the failure to converge here, . is due 
to the second condition not being satisfied. As seen from table (5«l) 
in the majority of cases, howeverj studied in the present work, the iteration 
procedures lead to a successful conclusion , the results obtained by the 
three iteration methods agreeing remarkably well with one another.
In conclusion, it should be pointed out that whenever the conditions 
for convergence are satisfied, the iteration procedures, evolved in the
-215-
present work (on the basis of optical density measurements alone), lead 
to highly reliable results for the association constants of the ion pairs.
The fact that in certain cases, one iteration procedure may fail while
others succeed, shows that a further examination of the conditions for 
convergence is neccessary.
The stability of an ion pair is governed by a number of factors, 
of which, the most important are -
1. The nature of the substituent on the ligand..
2. The magnitude of the electric charges on both metal ion and
ligand,
3. The ionic radii of the metal ion and ligand,
4* Chelation.
5.- Dielectric constant of the medium.
Of these, only the substituent effects, the size of the ligand and
3+chelation need to be considered here, as only the ion pairs of the La - 
ion in aqueous medium, are the subject of the present work.
It is reasonable to assume that the effect of a given substituent 
on the stability of the metal complex will be the same in nature as that 
on the corresponding proton complex but different in magnitude. This 
means that for a series of closely related ligands, (derived from weak 
acids), the stability of the metal complex should increase monotonically 
with increasing stability of the corresponding proton complex. This type 
of behaviour is, indeed, observed with all three groups of ion pairs studied
in the present work. This can be seen from table (5*2) in which the ion
pairs are arranged in three groups and which, in addition, to the diss­
ociation constants of these acids, also gives the average values for the 
stability constants of the ion pairs found by the various methods.
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In some cases, e.g. ferric salicylate [2l] the difference in the 
standard free energy of formation of the metal and corresponding proton 
complexes is virtually independent of the nature of the substituent on 
the ligand. This condition can be expressed mathematically, by writing 
AG°T Tt - AG°HT[ = Constant, ...(5*1)
where and AG0^  are the standard free energies of formation of the
metal and proton complex, respectively.
Since, by definition
AG°t _ = -RTlnK, ...(5.2)nail
and AG°hl = -RTlnl/l^ = RTlnK^ ...(5.5)
equation (5*l) becomes
' AG°LaL “ AG°HL 88 “RTlnI-/Iw = Constant. ...(5.4)
The last equation on rearranging takes the form
. log K ss pK^ + Constant. ...(5*5)
Equation (5.5) predicts that a plot of log K against pK^ should give a
straight line with a slope equal to unity.
Such a plot is given in figure (5.1) fo** the ion pairs of the
La^-ion with the salicylate and benzoate anions and in figure (5*2) for
5+the ion pairs of the La -ion with the sali^ylaldehyde anions. In the 
figures, the experimental points are numbered ir. the same way as the 
corresponding ion pairs are numbered in table (5*2). It can be seen tha,t, 
in both cases, a reasonable straight line was obtained. In calculating 
the slope and intercept of these correlation plots, the method of least 
squares was used. The slopes and intercepts found by this means are 
0.386 i 0^083 and 0.847 * 0.210 for figure. (5 JL) ,ard 0.998 * 0..030 and
-219-
-■1.802 i .0.196 for figure (5*£)> respectively.
The fact that,in both cases, the slope is less than unity indicates
that, on average, substitution affects the stability of the ion pairs to a
smaller extent than the respective proton complexes. This type of behaviour
is to be expected since the proton in the proton complexes is covalently
bound and, consequently, is subject to stronger substituent effects than the 
3-1 -
La -ion in the ion pairs.
To find to what extent the variates, in this case log K and pK^, 
are correlated to one another, the correlation coefficient r [20] was 
calculated using the formula
r = z . & o g  K - i s r r i ( p V ^ ) 2 O ios k)2]s,...( 5.6)
where n is the number of experimental points and the bar denotes the mean
of the respective variables. In the limiting case, when the variates are
fully correlated r assumes the values +1 or -1, It is zero when the
variates are not related at all.
The correlation coefficients, found in this way, are 0.851 for the 
3+ion pairs of the La -ion with the salicylate and benzoate anions and 0.996
3+for the ion pairs of the La -ion with the salicylaldehyde anions. It 
should be pointed out, however, that the coefficient of correlation for 
the La^+-/salicylaldehyde ion pairs ;3S ; based on three points only and hence, 
is not very reliable. The present values for the correlation coefficients, 
are slightly smaller than/Jfound by Ernst and Menashi [2l] for the ferric
•fc V
salicylates but are slightly larger than/Jound by Ernst and Herring [22] for 
the ferric phenolates. The relatively high values of r obtained in the 
present work, nevertheless, indicate that also, in the cases studied 
in the present work, a rough linear correlation exists between the 
stabilities of the metal complexes and those of the corresponding proton
complexes.
It appears, therefore, that linear substituent effects occur not 
only with covalent complexes but also with ion pairs. We are also led 
to the conclusion that since*all the metal complexes studied in the 
present work, are due to ionic interaction alone, Williams1 theory [l2] 
regarding the significance of the slopes of correlation plots is not 
generally valid.
Further insight into the significance of the results found in the 
present work, may be obtained by considering them in the light of the 
Bjerrum theory of ion association [62],
The stability of an ion pair can be explained In terms of the 
standard free energy of formation by
AG° t =-BTlnK, ...(5.7)
where K is the association constant of the ion pair. Another measure 
of the stability of an ion pair is the interionic attraction energy
z^Zge /a ^ 5*8)
where a is the distance of closest approach between the. ions. It appears, 
therefore, that a plot of log K vs l/a should yield a straight line.
The distance of closest approach can be calculated using equations (1.4),
(1.6) and (1.7) given in the Introduction.
The results of these calculations for the ion pairs are given in 
table (5.2). A plot of log E against l/a as shown in figure (5*3) for 
the ion pairs of the La -ion with the salicylate and benzoate anions 
and in-.figure (5*4) for the ion pairs of the La^+-ion with the salicylaldehyde 
anions. In the figures, the experimental points are numbered in the 
same way as the corresponding ion pairs are numbered in table (5*2).
It can be seen the!, in both cases, the experimental points fall on good
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straight lines, thus indicating that the stability of the ion pairs studied
in the present work, is inversely proportional to the distance of closest
approach, as to be expected on the basis of the Bjerrum theory.
The correlation plot shown in figure (5.3) can be also used to
draw some conclusions regarding the magnitude of the interaction of the 
3+La -ion with the dipole of tlie-GH group in the lanthanum salicylate ion 
pairs•
It has been shown in the course of the present work that in the
3+lanthanum salicylate ion pairs, the La -ion associates with the carboxylate 
anion only, leaving the -OH group intact. This can be represented by 
the formula,
OH
COO” ... La5+
nevertheless, in view of the proximity of the -OH group, it is still
3+possible for the La -ion to interact with its dipole. However, the fact
that, in constructing the correlation plot given in figure (5.3)> it
was possible to group together the lanthanum salicylate ion pairs with
the lanthanum benzoate ion pairs suggests that in both types of complexes
only the carboxylate group is involved aid consequently that in the
3+lanthanum salicylate ion pairs, the La -ion dipole interaction is 
insignificant.
On the other hand, chelation through La^+-/dipole interaction
3+ /appears to play some part in the formation of the La' -/salicylaldehyde 
ion pairs. Some support for this conclusion can be drawn from the fact that
3+ .
the association constant of the La -/4-hydroxy benzaldehyde ion pair, 
where chelation of this type is not possible, was found to be too small 
for reliable measurements to be made.
APPENDIX
PLOW DIAGRAM POR THE OPTIMIZATION PROCEDURE
Read in data5 
I initial trial value of
D-, increment of '.0 , final trial value ..of D • c9 cy c
Sets of (a-b), D°, D values.
Calculate h° from equation (4*33)
I Calculate x, h°f-^, D°x.
| Apply least squares to equation (4.27)1
j obtain D and Dn.I o 1
| Calculate standard deviations of D and D_.| 
I o 1 j
T
t
I Use initial trial value of D ,i c
■ -fcU Set Ah = 0.
-•^Calculate c from equation (4.3l) 
j Calculate Ah from equation (4.21)
| Test to see if previous value of Ah 
| differs by ^ 0.01 $.
 J .j, YESNO
Calculate (Ahx + TjK^)/x
Calculate Ah(DQ - D^) - ^DT^ +
Apply least squares to equations
(4.23) and (4,32); obtain K and
D respectively c
Calculate standard deviations of K and D
t
Print h° x;, h0^  , D x, Dq, , cr^, .
c, Ah, y*, ylf, D^,K, OC. , , D^ , sD<-
r
Add selected increment to D .c
Test to see if new value of D greaterc
than final trial vdue of D~ selected.
_________ c______________ j
NO , YES
STOP
A A
Read in data.
initial trial value of F/KT^, 
selected increment of F/KT^, final trial value- of F/KT^. 
Sets of (a, - b), D°, D values.
 "IE....
Calculate h° from equation (4*33)
Calculate x, h°f^^, D°x.
Apply least squares to equation (4*27)5 obtain Dq and D^ .
Calculate standard deviations of D and IL.o 1
Use initial trial value of F/EP^. Print f/e P^ ,
Calculate D from equation (4.54)* c
Set Ah = 0.
Calculate c from equation (4.31)*
Test to see if c <" 0.
NO *V
».
YES
Calculate Ah from equation (4.21). 
Test to see if previous value of Ah 
differs by ^ 0.01$.
NO y YES
Calculate (Ahx + T^ KL^ )/x.
Apply least squares to equation (4.23)5 
obtain F/EP^. Print F/KT^.
Test to see if rate of change of F/KT^ 
with successive cycles is becoming smaller.
Calculate standard deviation of" f/k T^ .
Print h°, x, h°f-, D°x, D , D , cr-p. , ,
7 7  ± 7 7 o 7 I 7 D0 Uq
c, Ah, y ’j y,f5 Rc>
STOP
Add increment of F/KT^ to value of F/
YES f i NO
Test to see if previous value of F/KT^ 1j
differs by ^  0.01$, 5ii
.. NO 1 j- YES
M* -«*3-
Test to see if new value of F/EP.^  is greater 
than final trial value of F/EP^.
Print new value of F/EP^.
NO YES
STOP
FLOW DIAGRAM FOR ITERATION PROCEDURE No.2.
Read in data.
initial trial value of F/KT^? increment
of F/EL1^, final trial value of P/KT^, D^, Dn, DT.
Sets of (a - b) and D values,
I ... - ^  .
j Calculate h° from equation (4*33)'
| Calculate x.
Use initial trial value of F/KT^. Print F/KT^,
i -^Calculate c from equation (4.59) •
Calculate Ah from equation (4.21), 
j Test to see if c < 0. |
NO V YES
Calculate (Ahx + T A )/x.
Apply least square to equation (4,25)5 
obtain F/I{Tt<t, Print E/El™.
i-i ' II
Test to see if rate of change ox F/KT^ with successive
cycles is becoming smaller.
YES V !. HO
Test to see if previous value of F/KT. 
differs by £  0.01$.
M
NO ^ YES
Calculate standard deviation of F/lCT^ . 
Calculate D from equation (4.54)*„ . __ _ Q
±
j Print h , x, c, Ah, Dq, K, F/KD?m,
I M
STOP
J
Add increment of F/KT-,. to value 
of F/KTj^, Test to see if new value 
of F/KPm  is greater than final trial 
value of F/KT,,M
^ NO 1i YES
STOP j
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FLOW DIAGRAM FOR ITERATION PROCEDURE No. 3.
A A
jRead in data.
initial trial value of F/KT^, increment
of F/ET.vj, final trial value of F/KT^, Dq, D^, D^. 
j Sets of (a - b) and D values.
r
Calculate h° from equation (4*33)• 
Calculate x.
Use initial value of F/KT^. Print F/EE^, 
-5*-Calculate c from equation (4* 59) •
Test to see if value of c v 0.
NO f
Calculate h from equation (4# 6l).
Calculate (T^-c)/c and 1 +
Apply least square to equation (4.62)5 
obtain F/KT^. Pnint F/lT?^ .
Test to see if rate of change of F/KT.. witho / n
successive cycles is becoming smaller.
YES
Test to see if previous value of f/et.
differs by 0.01$.
' NO™
M
I
YES
^Calculate standard deviation of F/KT^.
Calculate D from equation (4.54) •
C  . .
Print h, x, c, (T^-c)/c, 1 + hf^ /K^» 
Dc? K, F/KTm?
T
STOP
YES
NO
I Add increment of F/KT,^  to value of F/KT^,
| Test to see if new val'e of F/KT^ is 
| greater than final trial value of F/KT^. Print F/KTm.
NO T YES
STOP
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S P E C T R O P H O T O M E T R I C  D E T E R M I N A T I O N  O F  A S S O C I A T I O N  C O N ­
S T A N T  O F  L A N T H A N U M  S A L I C Y L A T E
Spectrophotometric Determination of Association Constant 
of Lanthanum Salicylate
B y  Z .  L .  E rn s t  a n d  P . J . N ew m an  
D e p t ,  o f  C h e m is t r y ,  U n iv e r s i t y  o f  S u r r e y ,  L o n d o n ,  S . W . l l  
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Spectrophotometric evidence has been obtained for the formation of the ion-pair LaHSal2+ in 
aqueous solution of lanthanum salicylate. A  new spectrophotometric method of determining associa­
tion constants of ion-pairs of metal ions with anions of weak acids is described. The method, which 
dispenses with pH-measurements, has been applied to determine the association constant K  =  
{LaHSal2+}/{La3+}{HSal-} for the LaHSal2+ ion-pair; at 25°C its value is 1-19 x 102.
T h e  s t a b i l i t y  c o n s ta n ts  o f  t h e  c o m p le x e s  o f  t h e  F e 3 + - i o n  w i t h  s o m e  s u b s t i tu te d  
s a l ic y l ic  a c id s  h a v e  b e e n  r e p o r t e d  1 a n d  t h e  c o r r e la t io n  f u n c t i o n  r e la t in g  t h e  s ta b i l i t ie s  
o f  th e s e  c o m p le x e s  t o  th o s e  o f  t h e  c o r r e s p o n d in g  p r o t o n  c o m p le x e s  w a s  d is c u s s e d . I n  
g e n e r a l ,  t h e  f o r m  o f  s u c h  c o r r e la t io n  fu n c t io n s  d e p e n d s  o n  m a n y  f a c t o r s ,  s u c h  as  th e  
i o n i z a t io n  p o t e n t ia l  o f  t h e  m e t a l  i o n , 2 p o la r i z a t i o n  o f  t h e  l i g a n d  b y  t h e  m e t a l  i o n , 3 
a n d  i n  p a r t ic u la r  T i-b o n d in g  w h ic h  p la y s  s u c h  a n  i m p o r t a n t  p a r t  i n  t h e  f e r r ic  s a l ic y la te  
c o m p le x e s . I t  s e e m e d  d e s ir a b le ,  t h e r e f o r e ,  t o  e x te n d  th e s e  s tu d ie s  t o  m e t a l  io n s  
w h ic h  a r e  u n l ik e ly  t o  e n te r  in t o  7 t -b o n d in g  w i t h  t h e  s a l ic y la te  a n io n s ,  a s  e .g . ,  t h e  
L a 3 + - io n .  S in c e  t h e  a b s o r p t io n  s p e c tr a  o f  a q u e o u s  s o lu t io n s  o f  s a l ic y l ic  a c id  h a v e  
b e e n  s tu d ie d  4 i t  w a s  d e c id e d  t o  a d o p t  t h e  s p e c t r o p h o t o m e t r ic  m e t h o d .  I n  th is  p a p e r  
w e  p r e s e n t  a  m e t h o d  o f  d e t e r m in in g  a s s o c ia t io n  c o n s ta n ts  o f  io n - p a i r s  ( in v o lv in g  
a n io n s  o f  w e a k  a c id s )  w h ic h  d is p e n s e s  w i t h  p H -  m e a s u r e m e n ts  a n d  re l ie s  s o le ly  o n  
s p e c t r o p h o t o m e t r ic  m e a s u r e m e n ts .
E X P E R I M E N T A L
R E AG EN TS
A l l  re a g e n ts  w e re  o f  a . r .  g ra d e  un less  o th e rw is e  s ta te d . S a lic y lic  a c id  a n d  N a C 1 0 4 
( B .D .H .  la b o r a to r y  g ra d e ) w e re  p u r if ie d  as p re v io u s ly  d e s c rib e d .4* 5 T h e  m e th o d  o f  p re ­
p a r in g  s o lu tio n s  o f  N a O H ,  N a C 1 0 4 , H C 1 0 4 a n d  s a lic y lic  a c id  h a s  a ls o  b e e n  r e p o r te d .4* 5 A  
s to c k -s o lu t io n  o f  L a ( C 1 0 4) 3 w a s  m a d e  u p  b y  d is s o lv in g  9 9 -5  %  L a 20 3 (J o h n s o n  a n d  M a t t h e y )  
in  a  H C 1 0 4 s o lu t io n . T h e  re s u lt in g  s o lu t io n  w a s  a n a ly z e d  f o r  la n th a n u m  u s in g  a  s o lu t io n  o f  
E D T A  6 w h ic h  h a s  b e e n  s ta n d a rd iz e d  7 a g a in s t s p e c tro s c o p ic a lly  p u re  z in c  (J o h n s o n  a n d  
M a t t h e y ) .  T h e  c o n c e n tra tio n  o f  fre e  H C 1 0 4 in  th e  L a ( C 1 0 4) 3 s to c k -s o lu t io n  w a s  fo u n d  b y  
p a s s in g  a n  a l iq u o t  o f  th e  s o lu t io n  th r o u g h  a  c a tio n -e x c h a n g e  re s in  (Z e o c a rb  2 2 5 )  a n d  t i t r a t in g  
th e  e lu a n t  w i t h  a  s ta n d a rd  C 0 2-fre e  N a O H  s o lu t io n  u s in g  m e th y l  r e d  as th e  in d ic a to r .
O P T IC A L  D E N S IT Y  M E A S UR E M E N TS
O p t ic a l  d e n s ity  m e a s u re m e n ts  w e re  c a r r ie d  o u t  a t  2 5 0 ± 0 T ° C  b y  m e a n s  o f  a  U n ic a m  
S .P . 5 0 0  s p e c tro p h o to m e te r  u s in g  m a tc h e d  s ilic a  ce lls  ( o f  4 -c m  o p t ic a l p a th  le n g th ) . T h e  
in s tr u m e n t  w a s  c a l ib ra te d  as p re v io u s ly  d e s c rib e d .4 T o  te s t th e  r e p r o d u c ib i l i ty  o f  th e  
m e a s u re m e n ts  d u p lic a te  s o lu tio n s  w e re  u s e d  th r o u g h o u t . A l l  c a lc u la t io n s  w e re  c a r r ie d  o u t  
o n  a  F e r r a n t i  S ir iu s  c o m p u te r .
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R E S U L T S
SPECTROPHOTOMETRIC EVIDENCE FOR I O N - P A I R I N G
T h e  s y m b o l H 2L  r e p re s e n ts  s a l ic y l ic  a c id .  A ls o ,  t o  d is t in g u is h  s o lu t io n s  o f  L a -  
s a l ic y la te  f r o m  th o s e  o f  s a l ic y l ic  a c id ,  t h e  s y m b o ls  a s s o c ia te d  w i t h  t h e  la t t e r  s o lu t io n s  
a r e  w r i t t e n ,  w h e r e  a p p r o p r ia t e ,  w i t h  t h e  s u p e r s c r ip t  z e r o .  F o r  t h e  f i r s t  c o n s ta n t  o f  
s a l ic y l ic  a c id  t h e  v a lu e  4  K ± =  1 -0 6 4  x  1 0 - 3  is  u s e d .
T h e  e x p e r im e n t a l  p r o c e d u r e  in v o lv e d  m e a s u r e m e n ts  o f  t h e  o p t ic a l  d e n s ity  o f  t w o  
s e rie s  o f  s o lu t io n s .  S o lu t io n s  o f  s e ries  A  w e r e  p r e p a r e d  b y  m ix in g  f ix e d  a m o u n t s  o f  a  
s t a n d a r d  L a ( C 1 0 4 ) 3- s o lu t io n ,  a n d  v a r y in g  a m o u n t s  o f  a  s t a n d a r d  H C 1 0 4- s o l u t i o n ; 
t o  e a c h  m ix t u r e  a  c a lc u la t e d  a m o u n t  o f  a  s t a n d a r d  N a C 1 0 4 - s o lu t io n  a n d  a  r e q u is ite  
a m o u n t  o f  w a t e r  w e r e  a d d e d  s o  t h a t  t h e  s t o ic h io m e t r ic  c o n c e n t r a t io n  TM o f  
L a ( C 1 0 4) 3 , t h e  s t o ic h io m e t r ic  c o n c e n t r a t io n  r L  o f  s a l ic y l ic  a c id ,  a n d  t h e  io n ic  
s t r e n g th  /  o f  t h e  f in a l  s o lu t io n s  w e r e  m a in t a in e d  c o n s ta n t  t h r o u g h o u t ,  a t  TM =  1 0 ~ 2 
m o le /1 . ,  T L  =  2 -5  x  1 0 - 4  m o le /1 . ,  a n d  I =  0 - 1 .  T h e  s t o ic h io m e t r ic  c o n c e n t r a t io n  o f  
( L a C 1 0 4 ) 3 w a s  4 0  t im e s  g r e a t e r  t h a n  t h a t  o f  s a l ic y l ic  a c id ,  th is  la r g e  exc e s s  o f  L a 3+-  
io n s  b e in g  u s e d  t o  m in im iz e  t h e  f o r m a t i o n  o f  io n  p a ir s  c o n t a in in g  m o r e  t h a n  o n e  
l ig a n d  p e r  m e t a l - io n .  S o lu t io n s  o f  s e ries  B  w e r e  p r e p a r e d  i n  t h e  s a m e  w a y  e x c e p t  t h a t  
t h e  L a ( C 1 0 4 ) 3 w a s  r e p la c e d  b y  N a C 1 0 4 t h e  a m o u n t  o f  w h ic h  w a s  a d ju s te d  so  as t o  
k e e p  t h e  io n ic  s t r e n g th  c o n s ta n t .  T h e  H + - io n  c o n c e n t r a t io n  o f  t h e  s o lu t io n s  r a n g e d  
f r o m  5  x  1 0 - 2  t o  1 0 ~ 5 m o le /1 ,  i n  w h ic h  r e g io n  o n ly  t h e  f i r s t  s ta g e  o f  i o n iz a t io n  o f  
s a l ic y l ic  a c id  o c c u rs  a p p r e c ia b ly ; a c c o r d in g ly ,  t h e  o n ly  l ig h t - a b s o r b in g  s p e c ie s  w h ic h  
a r e  c o n s id e r e d  a r e  H 2L ,  H L ~  a n d  a n y  c o m p le x e s  t h a t  m a y  b e  p r e s e n t .
T a b le  1.— V a r ia t io n  o f  A D w i t h  h°
7 l  =  2 -5 0 9  x  1 0 " 4 m o le /1 . ; Tu  =  1 -0 02  x  1 0 ~ 2 m o le /1 . ; X =  3 2 6  m / i ; /  =  4  c m ; 7 = 0 - 1
h° x  1 0 3 0 -0 1 0  0 -1 2 3  0 -2 2 8  0 -6 4 2  1 -3 0 0  2 -5 9 6  3 -5 9 3  6 -0 6 2  1 0 -0 4  4 9 -3 2
D° 0 -2 2 8  0 -2 3 7  0 -26 1  0 -35 1  0 -4 2 6  0 -5 0 7  0 -5 4 2  0 -5 8 6  0 -6 2 0  0 -6 8 3
D  0 -2 2 8  0 -2 3 2  0 -25 1  0 -3 3 2  0 -3 9 9  0 -4 7 9  0 -5 1 6  0 -5 6 5  0 -6 0 7  0 -6 7 9
AD  0 -0 0 0  0 -0 0 5  0 -0 1 0  0 -0 1 9  0 -0 2 7  0 -0 2 8  0 -0 2 6  0 -0 2 1  0 -0 1 3  0 -0 0 4
T o  o b t a in  s p e c t r o p h o t o m e t r ic  e v id e n c e  f o r  t h e  o c c u r re n c e  o f  io n - a s s o c ia t io n  in  th e  
L a - s a l ic y la t e  s o lu t io n s  t h e  a b s o r p t io n  c u rv e s  o f  t h e  t w o  ty p e s  o f  s o lu t io n s  w e r e  r e c o r d e d  
a t  v a r io u s  p H - v a lu e s  ( in  t h e  r a n g e  1 -5 -5 )  a n d  t h e  w a v e le n g t h  r e g io n  2 4 0 - 3 5 0  m ,u . I n  
th is  r e g io n ,  i n  w h ic h  n e i t h e r  N a C 1 0 4 n o r  L a ( C 1 0 4 ) 3 a b s o r b s  l i g h t ,  t h e  e f fe c t  o f  t h e  
L a 3+- io n s  o n  t h e  a b s o r p t io n  c u rv e s  o f  s a l ic y l ic  a c id  w a s  r e la t i v e ly  s m a l l  e x c e p t  a t  
X =  3 2 6  mji a t  w h ic h  t h e  p H - v a r i a t io n s  o f  t h e  o p t ic a l  d e n s ity  w e r e  t h e  m o s t  p r o ­
n o u n c e d . T h is  w a v e le n g t h ,  t h e r e f o r e ,  w a s  a d o p t e d  f o r  t h e  s tu d y  o f  c o m p le x  f o r m a ­
t i o n  in  t h e  L a - s a l ic y la t e  s o lu t io n s .  A t  th is  w a v e le n g t h  a n d  t h r o u g h o u t  t h e  p H -  
r e g io n  e m p lo y e d  t h e  o p t ic a l  d e n s ity  D  o f  t h e  L a - s a l ic y la t e  s o lu t io n s  (s e r ie s  A )  is  
a lw a y s  s m a l le r  t h a n  t h e  o p t ic a l  d e n s ity  D° o f  t h e  s a l ic y l ic  a c id  s o lu t io n s  (s e r ie s  B ) .  
T h e  re s u lts  o f  th e s e  e x p e r im e n ts ,  a r e  g iv e n  i n  t a b le  1 w h ic h  s h o w s  t h e  v a r i a t i o n  o f  b o t h  
D  a n d  D °  w i t h  t h e  H + - io n  c o n c e n t r a t io n  h° o f  t h e  l a t t e r  s o lu t io n s .  T h e  d i f fe r e n c e  
AD  =  D° — D  in c re a s e s  a t  f i r s t  w i t h  in c r e a s in g  h°, re a c h e s  a  m a x i m u m  a t  h° ~  1 0 - 3  
m o le /1 . ,  a n d  t h e n  d e c re a s e s .
S in c e , i n  t h e  p H - r e g io n  c o r r e s p o n d in g  t o  th is  m a x i m u m ,  t h e  AD  v a lu e s  a re  
s ig n i f ic a n t ly  la r g e r  t h a n  t h e  e x p e r im e n t a l  e r r o r  in v o lv e d  in  t h e  o p t ic a l  d e n s i t y  m e a s u r e ­
m e n ts  w e  c o n c lu d e  t h a t  s o m e  c o m p le x  f o r m a t i o n  t a k e s  p la c e  in  t h e  L a - s a l ic y la t e  
s o lu t io n s .  O n  t h e  l e f t - h a n d  s id e  o f  t h e  m a x im u m ,  t h e  q u a n t i t ie s  D  a n d  D° a p p r o a c h  
e a c h  o t h e r  a s  h° d e c re a s e s  u n t i l  a t  / z ° ~ 1 0 - 5  m o le /1 . ,  w h e n  m o r e  t h a n  9 9 %  o f  t h e
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s a l ic y l ic  a c id  h a s  d is s o c ia te d , t h e y  b e c o m e  v i r t u a l l y  e q u a l ,  a t  a  v a lu e  o f  a b o u t  0 - 2 3 .  
O n  t h e  r ig h t - h a n d  s id e  o f  t h e  m a x im u m ,  D  a n d  D° c o n v e r g e  as h° in c re a s e s  a n d  
a p p r o a c h e s  t h e  v a lu e  0 * 6 9 0 .  T h e  t w o  l i m i t in g  v a lu e s  0 * 6 9 0  a n d  0 *2 3  c o in c id e  w i t h  
t h e  v a lu e s  w h ic h  w e  o b t a in e d  a t  I  =  0 *1  f o r  t h e  q u a n t i t ie s
r e s p e c t iv e ly ,  i n  w h ic h  e0 =  e x t in c t io n  c o e f f ic ie n t  o f  t h e  u n d is s o c ia te d  s a l ic y l ic  a c id  
m o le c u le s ,  ex =  e x t in c t io n  c o e f f ic ie n t  o f  t h e  H L ~ - i o n ,  a n d  /  =  le n g t h  o f  t h e  o p t ic a l  
p a t h .
T h is  t y p e  o f  b e h a v io u r  c a n  b e  b e s t  e x p la in e d  b y  a s s u m in g  t h a t  in  t h e  L a - s a l ic y la t e  
s o lu t io n s  c o m p le x  f o r m a t i o n  t a k e s  p la c e  m a i n ly  b e tw e e n  t h e  L a 3+-  a n d  t h e  H L - - io n s ,  
a n d  t h a t  t h e  e x t in c t io n  c o e f f ic ie n t  o f  t h e  s p e c ie s  L a H L 2+  is  n o t  a p p r e c ia b ly  d i f f e r e n t  
f r o m  t h a t  o f  th e  H L - - io n .  A t  p H - v a lu e s ,  a t  w h ic h  m o s t  o f  t h e  s a l ic y l ic  a c id  is  i n  th e  
u n d is s o c ia te d  f o r m ,  l i t t l e  c o m p le x  f o r m a t i o n  o c c u r s ; t h e  o p t ic a l  d e n s ity  o f  b o t h  A -  
a n d  B -s o lu t io n s  is  t h e n  a p p r o x im a t e ly  e q u a l  t o  D 0 a n d  AD  is  v e r y  s m a l l .  A s  h° 
d e c re a s e s  t h e  d e g re e  o f  d is s o c ia t io n  o f  s a l ic y l ic  a c id  a n d ,  c o n s e q u e n t ly ,  t h e  e x t e n t  o f  
c o m p le x  f o r m a t i o n  i n  t h e  L a - s a l ic y la t e  s o lu t io n s  in c re a s e s  ; a s  a  r e s u l t  t h e  c o n c e n t r a ­
t io n s  o f  b o t h  H L ~  a n d  H 2L  in  th e s e  s o lu t io n s  w i l l  b e  less  t h a n  in  t h e  c o r r e s p o n d in g  
s a l ic y l ic  a c id  s o lu t io n s  w h ic h  d o  n o t  c o n t a in  la n t h a n u m .  S in c e  t h e  e x t in c t io n  c o e f f i­
c ie n t  o f  t h e  s p e c ie s  L a H L 2 +  d o e s  n o t  d i f f e r  m u c h  f r o m  t h a t  o f  H L -  t h e  o p t ic a l  d e n s ity  
o f  t h e  A - s o lu t io n s  w i l l  b e  less  t h a n  t h e  o p t ic a l  d e n s ity  o f  t h e  B -s o lu t io n s  b y  a n  a m o u n t  
w h ic h  is  r o u g h ly  p r o p o r t io n a l  t o  t h e  d e c re a s e  i n  t h e  c o n c e n t r a t io n  o f  H 2L  b r o u g h t  
a b o u t  b y  c o m p le x  f o r m a t i o n .  F i n a l l y ,  a t  p H - v a lu e s  a t  w h ic h  m o s t  o f  t h e  s a l ic y lic  
a c id  h a s  d is s o c ia te d  t h e  c o n t r ib u t io n  o f  H 2L  t o  t h e  t o t a l  a b s o r b a n c e  w i l l  b e  s m a l l  a n d  
t h e  o p t ic a l  d e n s it ie s  o f  b o t h  A  a n d  B  s o lu t io n s  w i l l  b e  a p p r o x im a t e ly  e q u a l  t o  D x.
T h e r e f o r e ,  u n d e r  t h e  e x p e r im e n t a l  c o n d it io n s  e m p lo y e d ,  io n - p a i r in g  o c c u rs  
b e tw e e n  L a 3 + -  a n d  H L ~ - io n s .
I n  a c c o r d a n c e  w i t h  t h e  s p e c t r o p h o t o m e t r ic  e v id e n c e  w e  a s s u m e  t h a t  in  t h e  L a -  
s a l ic y la te  s o lu t io n s  io n -a s s o c ia t io n  m a i n ly  o c c u rs  b e tw e e n  t h e  L a 3+-  a n d  H L ~ - io n s .  
C a lc u la t io n s  b a s e d  o n  d a t a  r e p o r t e d  8 o n  io n - a s s o c ia t io n  i n  s a lts  o f  s o d iu m  a n d  s o m e  
u n iv a le n t  a n io n s  s u g g e s t t h a t  a t  th e  t o t a l  c o n c e n t r a t io n s  o f  N a + - io n s  a n d  s a l ic y lic  
a c id  e m p lo y e d  i n  t h e  p r e s e n t  in v e s t ig a t io n  t h e  e x t e n t  o f  i o n - p a i r in g  b e tw e e n  t h e  N a + -  
a n d  H L - - io n s  w o u ld  b e  m u c h  t o o  s m a l l  t o  b e  s p e c t r o p h o t o m e t r ic a l ly  d e t e c t a b le ; th e  
s p e c ie s  N a H L  c a n  th u s  b e  d is r e g a r d e d . S in c e , i n  o u r  p H - r a n g e  t h e  te r m s  [ O H - ] ,  
[ L 2 - ] ,  a n d  [ L a O H 2 + ] 8 a r e  n e g l ig ib le  t h e  o n ly  e q u i l ib r i a  c o n s id e r e d  f o r  t h e  L a - s a l ic y la t e  
s o lu t io n s  a r e
Do — sqT^I, D x —  sxThl, (1.1), (1.2)
THEORY
h 2 l ^ h + + h l -
K
L a 3+ + H L - ^ L a H L 2 +
T h e  r e s p e c t iv e  e q u i l ib r i u m  c o n s ta n ts  a r e  g iv e n  b y  t h e  e q u a t io n s
(2.1)
(2.2)
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w h e r e  h — [ H + ] ,  c =  [ L a H L 2 + ] a n d  f x, f 2, a n d / 3 a r e  t h e  a c t i v i t y  c o e f f ic ie n ts  o f  th e  
s in g ly ,  d o u b ly ,  a n d  t r ip l y ,  c h a r g e d  s p e c ie s , r e s p e c t iv e ly .  T h e  c o n c e n t r a t io n  te rm s  c, 
[ L a 3+] ,  [ H L - ] ,  a n d  [ H 2L ]  a r e  r e la te d  t o  o n e  a n o t h e r  b y  t h e  e x p re s s io n s
T l  =  c +  [ H L " ]  +  [ H 2L ] ,  ( 2 .3 )
r M =  [ L a 3 + ]  +  c * [ L a 3 + ] ,  ( 2 .4 )
s in c e  TM^>TL, a n d  h e n c e  TM^>c.
B y  c o m b in in g  ( 2 .3 )  w i t h  ( 2 .1 ) ,
[ H L " ]  =  (Th—c)K1/(K l +  h f l) ,  ( 2 .5 )
[ H 2L ] = ( T L- c ) h f 2/(K x +  h f 2), ( 2 .6 )
F r o m  t h e  e le c t r o n e u t r a l i t y  p r in c ip le ,
h  =  a  +  c + [ H L "  ] ,  ( 2 .7 )
w h e r e  a is  t h e  s t o ic h io m e t r ic  c o n c e n t r a t io n  o f  H C 1 0 4 a d d e d .
F o r  s o lu t io n s  o f  s a l ic y l ic  a c id  w h ic h  d o  n o t  c o n t a in  l a n t h a n u m ,  e q n . ( 2 .3 )  ( 2 .5 ) ,  
( 2 .6 )  a n d  ( 2 .7 )  s im p l i f y  t o
Tl = [HL-]° + [H2L]°, (2.8)
[HL-]° = (2.9)
[H2L]° = TLh ° f jlx ,  (2.10)
h° = a + [Hir]°, (2.11)
w h e r e
H e n c e ,
x  =  K x +  h ° f l  ( 2 .1 2 )
c =  [ H 2L ] ° - [ H 2L ]  +  [ H L - ] ° - [ H L - ] ,  ( 2 .1 3 )
A h  =  c - { [ H L " ] ° - [ H L " ] } ,  ( 2 .1 4 )
A h  =  [ H 2L ] °  — [ H 2L ] ,  ( 2 .1 5 )
w h e r e
A  h  =  h  — h ° .  ( 2 .1 6 )
S u b s t i t u t in g  f o r  [ H L - ] a n d  [ H L - ] °  f r o m  ( 2 .5 )  a n d  ( 2 .9 )  in t o  ( 2 .1 4 ) ,
Ah2x f l+ A h (x 2 +  TLK i f l —c x f l ) —c x h ° f l= 0 .  ( 2 .1 7 )
S in c e , i n  o u r  p H - r a n g e  t h e  t e r m  A h2x f f  is  n e g l ig ib ly  s m a l l ,  e q n .  ( 2 .1 7 )  b e c o m e s
A h  =  c x h ° f ll(x 2 +  TLK l f f —c x fl) .  ( 2 .1 8 )
S u b s t i t u t in g  f o r  [ H L - ] f r o m  ( 2 .1 4 )  in t o  ( 2 .2 )  a n d  r e a r r a n g in g ,
(Ahx +  Tt K 1)lc =  ocx, ( 2 .1 9 )
w h e r e
a = l H f i lK T u f J s ) , (2.20)
T h u s  a  p l o t  o f  y ' — ( A hx+ T ^K ^/c  a g a in s t  x  s h o u ld  y ie ld  a  s t r a ig h t  l in e  w i t h  a  s lo p e  
e q u a l  t o  a .
T h e  o p t ic a l  d e n s ity  o f  t h e  s o lu t io n s  o f  s a l ic y l ic  a c id  w h ic h  d o  n o t  c o n t a in  la n t h a n u m  
is  g iv e n  b y
D° = £ 0 [ H 2L ] 0/ + e 1[ H L " ] 0/ ,  ( 2 . 2 1 )
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w h e r e  /  is  t h e  le n g t h  o f  t h e  o p t ic a l  p a t h  i n  c m . I n  v ie w  o f  ( 1 .1 ) ,  ( 1 .2 ) ,  ( 2 .9 ) ,  a n d  ( 2 .1 0 )  
t h e  la s t  e q u a t io n  c a n  b e  a ls o  w r i t t e n  i n  t h e  f o r m
D°x =  D i K 1+ D 0h ° f l  ( 2 .2 2 )
F o r  s o lu t io n s  o f  L a - s a l ic y la t e  t h e  L a m b e r t - B e e r  l a w  ta k e s  t h e  f o r m
D = e 0 [ H 2L ] /  +  e 1[ H L " ] / + . f i ccZ, ( 2 .2 3 )
w h e r e  ec is  t h e  e x t in c t io n  c o e f f ic ie n t  o f  L a H L 2 + .
U p o n  s u b s t i t u t in g  f o r  [ H L ~ ]  a n d  [ H 2L ]  f r o m  ( 2 .5 )  a n d  ( 2 .6 )  in t o  ( 2 .2 3 )  a n d  s o lv in g  
f o r  c,
D t K t  +  h f i D o - D l K t  +  h f p ^
D t K i  +  h f t D o - D A K t + h f l )  L ' '
w h e r e
Dc =  ec7hl, ( 2 .2 5 )
C o m b in a t i o n  o f  ( 2 .2 4 )  w i t h  ( 2 .2 2 )  g iv e s
A D x + A h fl(D 0- D )
(D  ° —Dc)x ± A h f  l(D 0—Dc)
F i n a l l y ,  s u b s t r a c t io n  o f  ( 2 .2 3 )  f r o m  ( 2 .2 1 ) ,  a n d  u s e  o f  ( 2 .1 4 )  a n d  ( 2 .1 5 ) ,  g iv e s
A / ! ( D 0 - D 1) - A D T L + f ) 1c = D cc , ( 2 .2 7 )
f r o m  w h ic h  i f  y" =  Ah(D0 — D x) —ADTh ±  D ±c is  p lo t t e d  a g a in s t  c a  s t r a ig h t  l in e  s h o u ld  
b e  o b t a in e d  w i t h  a  s lo p e  e q u a l  t o  D c.
D IS C U S S IO N
DETERM INATION OF D 0 A N D  D 1
T h e  e v a lu a t io n  o f  t h e  a s s o c ia t io n  c o n s ta n t  K  r e q u ir e s  a  k n o w le d g e  o f  ec, e0 , a n d  
e1 a t  t h e  s e le c te d  w a v e le n g t h  X =  3 2 6  m / i .  F o r  t h e  la s t  t w o  c o e f f ic ie n ts  E r n s t  a n d  
M e n a s h i  'v h a v e  f o u n d  t h e  v a lu e s  e0 =  7 1 7  a t  I — 0 -8  a n d  S j =  2 0 0  a t  7 ~ 1 0 - 3 ; 
h o w e v e r ,  as  a l l  s o lu t io n s  e m p lo y e d  in  t h e  p r e s e n t  w o r k  w e r e  m a in t a in e d  a t  I =  0 -1  w e  
r e d e t e r m in e d  th e s e  q u a n t i t ie s  b y  m e a n s  o f  e q n . ( 2 .2 2 ) .  T h is  p r e d ic ts  t h a t  a  p l o t  o f
T a b le  2 .— D e te r m in a t io n  o f  D 0 a n d  D i
c =  ( 2 - 2 6 )
21 =  2-509 x 10-4 mole/1.; I  =  0-1; X =  326 m /i; /  =  4 cm
ax 103 
mole/I.
6X102
mole/I. D° h°flx 103 X X  103 y = D°xX 103 Ay x 103
0-459 9-950 0-351 0-395 1-459 0-512 ±0-005
1-157 9-888 0-426 0-801 1-865 0-795 ±0-002
2-496 9-736 0-507 1-600 2-664 1-351 -0-003
3-511 9-644 0-542 2-214 3-278 1-776 -0-004
4-490 9-553 0-566 2-809 3-873 2-192 -0-009
6-006 9-400 0-586 3-735 4-799 2-812 ±0-009
D o  = 0-690; a Do = ±0-003. Go — 688; c£o = ±3.
D i = 0 -2 2 9 <7d i — ±0*005. £i = 228; Cgj = ±5 .
D°x  a g a in s t  h°f\  s h o u ld  g iv e  a  s t r a ig h t  l in e  w i t h  a  s lo p e  a n d  in t e r c e p t  e q u a l  t o  D0 a n d  
D iK u  r e s p e c t iv e ly .
T h e  q u a n t i t y  h° w a s  c a lc u la t e d  u s in g  e q n . ( 2 .1 1 )  e x p re s s e d  as  a  q u a d r a t ic  e q u a t io n  
a n d  s o lv e d  b y  s t a n d a r d  m e th o d s . T h e  a c t i v i t y  c o e f f ic ie n ts  w e r e  e v a lu a t e d  b y  m e a n s  
o f  t h e  D a v ie s  e q u a t io n ,  w i t h  a  p r o b a b le  e r r o r  n o t  e x c e e d in g  3 % . 8 T h e  s lo p e  a n d  
in t e r c e p t  o f  t h e  p l o t  w e r e  f o u n d  b y  a p p ly in g  t h e  m e t h o d  o f  le a s t  s q u a re s . T h e  r e s u lts  
a r e  g iv e n  i n  t a b le  2  w h e r e  b is  t h e  c o n c e n t r a t io n  o f  N a C 1 0 4 a n d  A_y t h e  r e s id u a l
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^ c a ic .— ^ obs.- T h e  p r e c is io n  o f  t h e  r e s u lts  w a s  ass e s se d  b y  c o m p u t in g  t h e  s t a n d a r d  
d e v ia t io n s  o f  t h e  s lo p e d  a n d  in t e r c e p t  9 a n d  h e n c e  t h e  s t a n d a r d  d e v ia t io n s  aDo a n d  
aD , o f  D 0 a n d  D u  r e s p e c t iv e ly .
T h e  v a lu e s  e 0 =  6 8 8  a n d  e x =  2 2 8  f o u n d  i n  t h e  p r e s e n t  w o r k  a t  I  =  0 *1  d i f f e r  
s ig n if ic a n t ly  f r o m  t h e  c o r r e s p o n d in g  v a lu e s  o b t a in e d  b y  E r n s t  a n d  M e n a s h i .4  S in c e  
(a s  s h o w n  b y  o u r  c a lc u la t io n s  n o t  r e p o r t e d  h e r e )  th e s e  d i f fe r e n c e s  c a n n o t  b e  c o m p le t e ly  
a c c o u n te d  f o r  b y  t h e  in a c c u r a c y  o f  t h e  D a v ie s  e q u a t io n ,  i t  a p p e a r s  t h a t  e0 , a n d  t o  a  
m u c h  g r e a t e r  e x t e n t  e x v a r y  w i t h  c h a n g in g  io n ic  s t r e n g th .  A ls o  i n  t h e  e v a lu a t io n  o f  
t h e  a s s o c ia t io n  c o n s ta n t  K  t h e  p r e s e n t  v a lu e s  f o r  e0 a n d  &1 g iv e  m u c h  m o r e  c o n s is te n t  
re s u lts  t h a n  th o s e  o b t a in e d  b y  E r n s t  a n d  M e n a s h i .4
DETERMI NATI ON OF ASSOCIATION CONSTANT
A n  in s p e c t io n  o f  e q n . ( 3 .1 ) ,  ( 2 .1 8 ) ,  ( 2 .1 9 ) ,  ( 2 .2 6 )  a n d  ( 2 .2 7 )  s h o w s  t h a t  i f  D c w e r e  
k n o w n  t h e  v a lu e s  o f  A /z a n d  c, c o r r e s p o n d in g  t o  a n y  g iv e n  v a lu e  o f  h°, c o u ld  b e  c a l ­
c u la t e d  b y  s o lv in g  e q n . ( 2 .1 8 )  a n d  ( 2 .2 6 ) .  I t  w o u ld  t h e n  b e  p o s s ib le  t o  e v a lu a t e  th e  
a s s o c ia t io n  c o n s ta n t  K  b y  p l o t t in g  y ' =  (AIix + T lK J /c a g a in s t  x  a n d  m e a s u r in g  th e  
s lo p e  a  o f  t h e  s t r a ig h t  l in e  so  o b t a in e d .
S in c e  o n ly  t h e  a p p r o x im a t e  v a lu e  o f  Dc ( o b t a in e d  f r o m  t h e  v a r i a t i o n  o f  AD  w i t h  
/z ° )  w a s  k n o w n  b e f o r e h a n d ,  t h e  v a lu e  o f  K  w a s  c a lc u la te d  b y  v a r y in g  t h e  v a lu e  o f  Dc 
i n  t h e  r a n g e  0 - 2 1 - 0 - 2 4  a n d  f in d in g  t h e  b e s t  v a lu e  o f  t h e  s lo p e  a . T h e  v a lu e s  o f  h° a n d  
x  w e r e  f i r s t  o b t a in e d  f r o m  e q n . ( 3 . 1 ) ;  n e x t ,  t h e  v a lu e s  o f  Ah a n d  c, c o r r e s p o n d in g  t o
4 * 0
riO
X
£ 3-0
2-0
0*212 0*216 0 *2 2 0 0*224 0*228 0*232 0*236 0 *2 4 0
Dc
F ig . 1.— Variation  o f w ith  Dc.
a n y  g iv e n  v a lu e  o f  Dc, w e r e  c o m p u t e d  b y  m e a n s  o f  e q n . ( 2 .1 8 )  a n d  ( 2 .2 6 )  u s in g  th e  
m e t h o d  o f  s u c c e s s iv e  a p p r o x im a t io n s .  T h e  v a lu e s  o f  y ' w e r e  t h e n  f o u n d  a n d  t h e  s lo p e  
o f  t h e  p l o t  o f  y ' a g a in s t  x  d e t e r m in e d  b y  a p p ly in g  t h e  m e t h o d  o f  le a s t  s q u a re s . T h e  
g o o d n e s s  o f  f i t  a t t a in e d  a t  a  g iv e n  v a lu e  o f  Dc w a s  assessed  b y  c a lc u la t in g  t h e  s t a n d a r d  
d e v ia t io n  10 aa o f  a .  T h e  v a r i a t i o n  o f  <ra w i t h  Dc is  g iv e n  i n  f ig .  1 ;  as  Dc in c re a s e s  <ra 
d e c re a s e s , p a s s es  t h r o u g h  a  m in i m u m  a n d  t h e n  in c re a s e s . T h e  v a lu e s  o f  a  a n d  Dc 
w h ic h  c o r r e s p o n d  t o  th is  m in i m u m ,  a n d  w h ic h  e n a b le  t h e  e x p e r im e n t a l  d a t a  t o  b e  b e s t  
f i t t e d  in t o  e q u a t io n  ( 2 .1 9 )  a r e  a  =  4 - 5 9 7  a n d  Dc =  0 - 2 2 6 .  T h e  re s u lts  a r e  s u m m a r iz e d  
i n  t a b le  3  w h e r e  t h e  p r e c is io n  o f  t h e  e x p e r im e n t a l  d a t a  is  e x p re s s e d  in  t e r m s  o f  
t h e  r e s id u a ls  Ay' a n d  Ay", a n d  o f  t h e  s t a n d a r d  d e v ia t io n s  <ra, a*, a n d  aK. I n  
c o m p u t in g  t h e  v a lu e  K  =  ( 1 - 1 8 8  +  0 - 0 0 8 )  x  1 0 2 f o r  t h e  a s s o c ia t io n  c o n s ta n t  t h e  v a lu e s  
34
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a  =  4 - 5 9 7  +  0 - 0 2 4 ,  a n d  Dc =  0 - 2 2 6 + 0 - 0 0 1  w e r e  u s e d ;  f o r  t h e  a c t i v i t y  c o e f f ic ie n ts  t h e  
v a lu e s  / i  =  0 - 7 8 5 ,  f 2 =  0 - 3 8 0 ,  a n d  / 3 =  0 - 1 1 3 ,  o b t a in e d  f r o m  t h e  D a v ie s  e q u a t io n  
( a n d ,  a c c o r d in g  t o  D a v ie s ,8 s u b je c t  t o  a  p r o b a b le  e r r o r  o f  +  3  % )  w e r e  e m p lo y e d .  T h e  
s t a n d a r d  d e v ia t io n  o f  K  is  less t h a n  1 % ,  th u s  in d ic a t in g  t h a t  s a t is fa c to r y  p r e c is io n  h a s  
b e e n  a t t a in e d .  T h e  p r e s e n t  v a lu e  ( 1 - 1 8 8 + 0 - 0 0 8 )  x  1 0 2 f o r  K  is  a p p r e c ia b ly  lo w e r  t h a n  
t h a t  o b t a in e d  b y  C e f o la ,  T o m p a ,  C e l ia n o ,  a n d  G e n t i le  a t  3 0 ° C  u s in g  t h e  g la s s  
e le c t r o d e .11
T a b l e  3 .— A s s o c ia t io n  c o n s t a n t  o f  l a n t h a n u m  s a l ic y l a t e
2 l  =  2-509 x  10- 4  m o le /1 .; 7 m  = 1 -0 0 2 x 1 0 --2 m ole/1. ; i  = 0 -1 ;  2  = 326 m  fi; 1—  4  c m
Dc - = 0 -226
ax  103 6x102 D AD Ah X 10? c x 105 y* X 102 A /X 1 0 2 y "  X 10« A y "X 106
mole/I. mole/l.
0-201 3-937 0-332 0-019 1-050 4-109 0-687 - 0 - 0 1 7 9-444 - 0 - 0 8 2
1-241 3-846 0 -399 0-027 1-464 3-529 0 -834 + 0 -0 2 3 8-040 0-003
2-238 3-754 0-479 0-028 1-506 2-550 1-204 +  0-021 5-761 +  0 -050
3-253 3-632 0-516 0-026 1-366 2-046 1-524 - 0 - 0 1 7 4-613 +  0-049
4-232 3-540 0-542 0-024 1-288 1-790 1-770 + 0 -0 1 1 4-015 + 0 -0 6 3
5-748 3-388 0-565 0-021 1-119 1-446 2-218 - 0 0 1 2 3-304 - 0 - 1 0 0
a  =  4 -5 9 7 ; ca=  ± 0 - 024. D* =  0-228 ; aD%=  ± 0 - 0 0 1 ;  K (present w o rk ) =
1-188 x  102 ; <*K = ± 0 -0 0 8 x  102 ; K  (p revious w o rk ) =  4-37rx l 0 2 [ref. Cl 1)1.
A s  a  f u r t h e r  te s t  o f  t h e  r e l i a b i l i t y  o f  th e s e  c a lc u la t io n s  t h e  v a lu e  o f  Dc w a s  c o m p u t e d  
b y  m e a n s  o f  e q n .  ( 2 . 2 7 ) ; v a lu e s  o f  y" w e r e  c a lc u la t e d  u s in g  t h e  v a lu e s  o f  Ah a n d  c 
s h o w n  i n  t a b le  3 , a n d  t h e  s lo p e  o f  t h e  p l o t  o f  y"  a g a in s t  c w a s  o b t a in e d  b y  a p p ly in g  t h e  
m e t h o d  o f  le a s t  s q u a re s . T h e  v a lu e  0 -2 2 8  o f  Dc, s h o w n  in  t a b le  3  as  2 ) * ,  is  i n  g o o d  
a g r e e m e n t  w i t h  t h e  v a lu e  0 - 2 2 6  o b t a in e d  f r o m  t h e  p l o t  o f  cra a g a in s t  Dc.
T h e  a u t h o r s  t h a n k  t h e  S c ie n c e  R e s e a r c h  C o u n c i l  f o r  t h e  a w a r d  o f  a  re s e a rc h  
s tu d e n ts h ip  t o  o n e  o f  u s  ( P .  J . N . ) .
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